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ABSTRACT 
The functionalization of renewable and abundant carbon dioxide as a building block 
for industrial polymer production leads to safer designs in manufacturing of materials, 
decreases the dependence of fossil fuel feedstocks, and diminishes plastic waste generation 
due to engineered biodegradability. Through judicious catalyst design, the 
copolymerization of carbon dioxide and oxiranyl small molecules has not only opened new 
synthetic routes towards the manufacturing of novel polycarbonate architectures, but in 
addition, allows for the mass production of commodity plastics via raw materials derived 
entirely from biomass. This environmentally friendly methodology pioneered by Shohei 
Inoue not only accommodates polymer product with an eco-design, but in tandem serves 
as a means of carbon capture, mitigating the effects of global climate change. 
With a global market value anticipated to reach 2 billion dollars by 2026, 
polyacrylate resins are ubiquitous in the paint, automotive, and adhesive industries. 
However, the production of these non-degradable polymers compounds the rising concern 
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of plastic pollution in the environment. Herein, the design and synthesis of polyacrylate 
mimetics bearing a degradable carbonate moiety in the backbone is described. The 
synthetic methodology utilizes a green pathway through the use of carbon dioxide as the 
C1 source. The thermal, chemical, and rheological properties of the materials are evaluated 
and compared to commercial acrylates and adhesives. Additional modification of the 
materials through terpolyermization is conducted, and their ability to perform as smart 
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CHAPTER 1. Historic Precedence of Polycarbonate Synthesis Facilitated by  
                         Organometallic Catalysts  
 
1.1 Introduction  
Polycarbonates (PC) are defined by the repeat carbonate moiety in the backbone of 
the polymer chain and utilized as high performance thermoplastic materials.1 With 
production exceeding 5.1 million tons/annum and a yearly market growth of 10% since 
1990, poly(bisphenol-A carbonate), commercially known as LexanTM or Makrolon®,  is a 
leading thermoplastic material in the field of commodity polymers.2 Due to their desirable 
properties such as high impact resistance, optical clarity, and high thermal stability, 
polycarbonates are used in the construction3 , automotive4, aircraft5, data storage6, and 
electrical7 sectors. With the USA being the second biggest exporter of polycarbonates 
(behind only South Korea), this 1.07 billion dollar a year industry plays a significant role 
in the American economy.8    
As demand steadily increases, the manufacturing process of polycarbonates poses 
severe environmental and occupational hazards. PCs are synthesized via the 
polycondensation of a diol (e.g. bisphenol A) and gaseous phosgene as shown in Figure 
1.1.  Used as chemical warfare in World War I, phosgene possesses acute toxicity once 
inhaled.9 Even the production of phosgene is not without risk as it is synthesized by passing 
concentrated carbon monoxide and chlorine gas, another set of toxic volatile substances, 
through activated carbon.10 Additionally, copious amounts of dichloromethane are required 
during synthesis, only compounding the environmental and occupational dangers faced by 
the employees.  
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While other reagents, such as diphenyl carbonate, were introduced to wean away 
from the use of phosgene, the synthetic pathway suffers from thermodynamic constrains 
of the byproduct phenol, which directly competes with polymer propagation.11  As such, 
novel methods of polycarbonate synthesis, that are non-toxic, amenable to large-scale 
production, environmentally friendly, and inexpensive, are highly desirable. 
  
1.2 CO2 activation toward polycarbonate production 
In 1969, Inoue et al. first reported the synthesis of polycarbonates via the alternating 
copolymerization of CO2 and an epoxide, catalyzed by diethyl zinc (Figure 1.2 A).12 While 
yield and catalyst activity were extremely low, the functionalization of inert and abundant 
CO2 into a useful C1 feedstock was unprecedented. Indeed, the use of a cheap, non-toxic, 
renewable reagent in polycarbonate production allows this synthetic method to deliver 
large-scale quantities of product where CO2 can make up 43% of the polymeric mass (and 
ethylene oxide making up the rest).  This process not only lowers dependence on petroleum 
feed stocks, but also acts as a form of carbon capture, making it an advantageous substitute 
for large scale polycarbonate production. 
This ring opening copolymerization (ROCOP) yields two distinct products, the 
kinetically favorable polycarbonate and the thermodynamically stable cyclic carbonate. 
(Figure 1.2 B). Mechanistically, an epoxide coordinates to a metal complex and is attacked 
by a nucleophile (X-) forming a metal alkoxide bond. Carbon dioxide subsequently 
coordinates with the metal complex and the metal facilitates the nucleophilic attack of the 
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alkoxide to the CO2. Propagation continues in this manner until termination occurs by two 
means; either chain transfer agents protonate the growing polymer chain or backbiting 
causes depolymerization (Figure 1. 3).   
The cyclic byproduct is a contaminant in polymer formation, and as a result, to 
achieve a more commercially viable reaction for industrial polycarbonate manufacturing, 
three upgrades were needed since Inoue’s first discovery; improved reaction duration (i.e. 
in a matter of hours), increased polymer length, and complete repression of cyclic 
carbonate formation. To that end, for the last half century, many researchers, prominently 
Lu, Nozaki, Darensbourg, and Coates, have synthesized a new array of robust catalysts 
with high functionality, high polymer selectivity, and >99% polycarbonate incorporation 
into the backbone.   
 
1.2.1 Analytic techniques of catalyst efficiency 
In analyzing catalytic performance, five parameters are considered: turn over 
frequency (TOF), lowest mole percent of catalyst loading, selectivity for sequential 
copolymerization vs. cyclic carbonate production (% selectivity), percent carbonate 
incorporation into the backbone vs. ether linkages, regioregularity, molecular weight (Mw 
and Mn) of subsequent polymer, and the dispersity index (Ð). The analytical methods for 
each property are derived as such: 
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(A) TOF. The rate at which the catalyst incorporates a monomer into the growing 
polymer chain: Determined from the crude 1H NMR spectra of the molar ratios 
of monomers, polymers, and products as such:  
 
 
(B) Catalyst loading. The molar percent of catalyst to monomer. Usually given as 
a ratio (ex. 0.025% catalyst loading is written as 4000:1)  
(C) Selectivity %. Propensity of catalyst and monomer system, in the reaction 
conditions specified, to form polymer rather than cyclic carbonate. As 
determined by 1H NMR spectral data, by the molar ratio of polymeric methine 
to monomeric methine proton.  
(D) Carbonate %. Ability of catalyst to form alternating CO2 insertions in the 
polymeric chain verses consecutive insertion of epoxides, as determined by 13C 
NMR spectra.  
(E) Regioregularity. Preference of the nucleophilic attack of the growing polymer 
chain into either the least or most substituted carbon of the coordinated epoxide. 
Determined by 13C NMR spectroscopy at the carbonate region ~152 ppm.  
(F) Number Average Molecular weight (Mn).  The statistical average molecular 
weight (i.e. total weight of the sample divided by the number of molecules in 
the sample) as determined by gel permeation chromatography (GPC). 
(G) Dispersity (Ð). The measure of the broadness of a molecular weight 
distribution of a polymer as determined by GPC analysis.   
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Examples of each parameter are found in Figures 1.4-1.6. 
 
1.2.2 Salen cobalt catalysts  
 In 1978, Inoue published the first round of homogeneous organometallic 
complexes that were able to catalyze the CO2/epoxide reaction.13 These aluminum 
porphyrin complex (Figure 1.7 A) polymerized propylene oxide (PO)/CO2 to an average 
molecular weight of 6 kg/mol, but the reaction took 2 weeks to reach completion.  Zinc 
based complexes, introduced in the year 1995 by Darensbourg14, with a bisphenoxide 
scaffold and perfected by Coates15 in 1998 with a -diiminite scaffold, produced polymers 
in high efficiency and high molecular weight with low dispersity (Figure 1.7 B, C). 
However, the workhorse for these reactions have been salen cobalt complexes, as their high 
efficiency and ability to polymerize a variety of epoxides has led to many breakthroughs. 
First introduced in 2003 by Coates16, salen cobalt catalysts have gone through many 
compositional iterations, but all versions bear common chemical characteristics. The basic 
format contains a metal center (cobalt, chromium, magnesium), a tetra-dentate planar 
Schiff base scaffold with alkyl substituents (most commonly t-butyl) on the benzene rings, 
a weak field axial ligand,  and a nucleophilic base as a co-catalyst (Figure 1.8 A).  
The first of the cobalt catalyst, enantiopure (R,R)-SalcyCoIIIX  (Figure 1.8 B), at a 
loading of (500:1), exhibited >99% selectivity for poly(propylene carbonate) (PPC) 
formation, and 99% carbonate linkages with moderate TOFs of ~70 h-1. Varying the axial 
ligand to provide for different electronic and steric environments, Coates et al. determined 
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the copolymerization had a direct dependence on axial ligand, with  activities spanning 
from 33-90 h-1 in the order of  I < Cl < OAc < OBzF5 < Br.  Addition of a cocatalyst, 
bis(triphenylphosphine)iminium chloride (PPNCl), improved activity 10X to 520 h-1 for 
(R,R)-SalcyCoIIIOBzF5 as the cocatalyst also initiated the reaction. It was hypothesized that 
the cocatalyst anion coordinated to the metal center in the axial site, trans to the propagating 
species, resulting in an improved electronic environment for propagation and supported the 
mechanistic theory that two polymeric chains grew per cobalt center on either face. In the 
same paper, Coates determined that the chiral catalysts are stereo selective. (R,R)-
SalcyCoIIICl [PPNCl] polymerized S-PO 2X faster than rac-PO. (TOF =1100 h-1).   
Compounding on the previous innovations, Nakano et al. reported a novel cobalt 
salen catalyst with two pendant arms on the benzene rings, bearing piperidine and 
piperidinium groups (Figure 1.9 A).17 It was proposed that the protonated amine prevents 
backbiting by protonating the polymer chain dissociating from the metal, preventing cyclic 
carbonate formation. This allowed copolymerization of PO to occur at higher temperatures 
(60 oC) to increase reaction rates without sacrificing polymer selectivity (90%).  
These modifications to the organic scaffold led to the development of several other 
cobalt salen catalysts with specially designed ancillary arms which act as built-in 
cocatalysts or stabilize the active metal species. Highlights from these designs include a 
pendant arm cyclic amine ligand (TBD) (Figure 1.9 B) which converts PO into carbonate 
polymer at a TOF of 1088 h-1 and a catalyst loading of 10,000:1 heated to100 oC.18 It is 
hypothesized the catalyst retains activity even at high temperatures due to the ability of 
TBD to stabilize the active Co(III) species from decomposing to inactive Co(II). Replacing 
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TBD with a quaternary ammonium salt (Figure 1.9 C) decreased activity by two thirds, 
however, with OAc as the axial ligand, this catalyst polymerized cycohexene oxide (CHO) 
even at 0.1 MPa (1 atm) of CO2 pressure with moderate TOF of 263 h-1.19 Incorporating 
four pendant onium salts into the ligand framework (Figure 1.9 D), and using a 
dinitrophenol homoconjugate as the axial ligand produced the highest reported TOF of 
16,000 h-1 for these catalytic systems. 20 
Not all iterations have been successful at polymerization. Attaching two tethered 
TBD (Figure 1.10 A) groups resulted in a catalyst with very little activity due to steric 
hindrance of the active site by two large TBD molecules. Utilizing a methylene linker 
(Figure 1.10 B) also exhibited little activity as it is not able to stabilize the Co(III) species. 
Replacing the TBD with an imidazole attachment exhibited minimal activity as well, 
presumably because it coordinates too strongly to the metal center.18 However, continued 
innovations in this field will provide additional iterations of catalysts that are robust and 
highly active for viable commercial use.  
 
1.3 Common epoxides employed in copolymerization reactions 
In the testing of these catalytic systems, propylene oxide (PO) is the literature 
standard of comparison. Cyclohexene oxide (CHO) is utilized as the alicyclic standard. 
While PO is an electronically noncomplex and sterically unencumbered epoxide, not all 
oxiranyl/catalyst combinations are known to polymerize efficiently, or even at all.  Figure 
1.11 displays an extensive but not exhaustive list of epoxides successfully polymerized in 
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these reactions.21–29 Our research group, the Grinstaff lab, has supplemented the repertoire 
of known epoxides polymerizable to date. Below will follow the contributions our lab has 
made in this field.  
In 2014, Grinstaff et al. reported the synthesis of atactic and isotactic poly(1,2-
glycerol)carbonates, via the copolymerization of benzyl glycidyl ether and CO2 catalyzed 
by a variety of salen cobalt complexes (Figure 1.12 A). 30 These polymers are of significant 
interest in the pharmaceutical field as they degrade into non-toxic byproducts (glycerol and 
CO2) and provide a functionalizable pendant hydroxyl moiety to which drug compounds 
can be grafted upon. Utilizing the (S,S)-SaclyCoIIIX catalytic system, axial ligand testing 
indicated the highest TOF with OOCCl3 and the lowest TOF with NO3 as the axial ligand. 
The cocatalyst in these cases was PPNCl at a ratio of 1:1 and 1000:1 catalyst loading. 
Utilizing Nozaki’s TBD armed catalyst, they reported a high TOF of 620 h-1 with at least 
>97% polymer selectivity at a temperature of 60 oC. They attained the polyglycerol 
scaffold through hydrogenolysis via Pd/c with high H2 pressures (3 MPa). They 
demonstrated that these polymers were soluble in water and fully degraded in a span of 4 
days.  
Adding to that work, Grinstaff et al. reported the synthesis of poly(glyceric acid 
carbonates),  compositional derivatives of acrylic acid.31 Interestingly, the polymeric 
scaffolding for glyceric acid carbonates closely mimics the glycerol structure, albeit with 
a carbonyl moiety anteceding the pendant hydroxyl (Figure 1.12 B). The same catalyst 
systems and conditions were employed, however this reaction reported low TOF (8 h-1) 
when utilizing a salen cobalt complex bearing a quaternary ammonium salt for catalysis.  
9 
 
Polymer selectivity was also significantly lowered. Indeed this polymerization was not 
successful with either the binary or bifunctional catalytic system.  However, atactic and 
isotactic polymers of moderate Mw were obtained (~ 30 kg/mol). The atactic polymer 
exhibited a glass transition temperature (Tg) of 45 oC, while the isotactic exhibited 
improved thermal stability containing a melting point of 87 oC.  Additionally, the poly 
(glyceric acid carbonate) (PGAC) exhibited a half-life of 12 days in DI water and showed 
no cytotoxicity against NIH fibroblasts up to 1 mg/mL. With these promising results, 
hydrogels of PGAC with aziridine and PEG cross-linker were synthesized. They 
demonstrated that this hydrogel underwent rapid degradation at pH 8.4 (2 hrs) as there was 
a significant drop in the loss modulus (from 5.8 x104 PA to 3.8 x103 Pa). As most hydrogels 
have half-lives of days to weeks, this materials provides for a more rapidly dissolvable 
system.  
In 2015, Grinstaff et al. investigated a serious of long pendant alkyl chain 
polycarbonates as thermally stable solid polymer electrolytes.32 Their goal was to produce 
a polymer with a low glass transition temperature but high thermal stability.   These 
polymers were catalyzed with rac-(SalcyCoIIIDNP)[DNP] bearing a quaternary 
ammonium salt (Figure 1.12 C) with moderate TOF (~100 h-1), 20 kg/mol Mw and low 
dispersities (1.2) . They observed low glass transitions for poly(butyl 1,2-glycerol 
carbonate)  and poly(octyl 1,2-glycerol carbonate) , -24  oC and -34 oC respectively. On the 
other hand, poly(stearyl 1,2-glycerol carbonate) was a solid, semi-crystalline  polymer with 
a melting point of 55 oC.  The polymers were doped with 65 wt% Li TFSI and analyzed 
for their performance as solid polymer electrolytes. At temperatures of 120 oC, Grinstaff 
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et al. observed conductivity of 10-3 S/cm for poly(butyl ether 1,2-glycerol carbonate), two 
orders of magnitude higher than at 25 oC. This value was comparable to well optimized 
poly(ethylene oxide) based electrolytes.  
 
1.4 Terpolymers and their compositional analysis 
  Aliphatic carbonates, with their flexible backbone, possess low glass transition 
temperatures compared to their alicyclic counterparts and subsequently have seen limited 
commercially use.  A feasible method of altering mechanical and thermal polymer 
properties is through the introduction of a second monomer into the chain. In the ring 
opening copolymerization (ROCOP) of CO2 and an epoxide, introduction of a second 
oxiranyl monomer leads to altered bulk polymer properties (Figure 1.13). Not only can 
another monomer impart desired physical properties, but, functional epoxides bearing 
alkene, halide, or hydroxyl groups can be introduced for further modification.  
The ring opening copolymerization reaction of an epoxide with CO2 proceeds in a 
perfectly alternating fashion. With the addition of a second epoxide into the system, the 
monomeric regio-sequences and composition must also be characterized as polymeric 
microstructure heavily effects bulk polymer properties. While several statistical models for 
analyzing this exist, a common and practical method used for characterizing these reactions 
is the terminal model.     
1.4.1 Terminal model theory 
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Frank Mayo and Frederick Lewis, in 1944, proposed a kinetic copolymerization 
model where the rate constant (k) of each monomer addition was dependent on the 
chemical composition of the terminal unit of the polymer chain.33  In a model of two 
monomers, four types of reaction pathways exist, as shown in (Figure 1.14). By applying 
differential equations for the disappearance of monomers, the ratio of monomers in the 
feed can be correlated to the concentration of monomers in the copolymer with variables 
r1 and r2 as the reactivity ratios, defined as: 
                                                        
Copolymer sequence distribution is directly analyzed from the reactivity ratios as 
the probability of finding a certain number of fractions of one monomer consecutively. The 
numerical values of r1 and r2 are experimentally obtained by running a series of reactions 
with varying monomer feed composition and analyzing the monomer incorporation ratio 
in the polymer at low conversions (> 10%) to imitate steady state kinetics as close as 
possible.   
The numerical value of the reactivity ratios exhibit certain patterns that are 
subdivided and classified as follows: 
(a) rl = r2 = 1 (kll = kl2; k21 = k22): Neither monomeric unit shows a preference for 
reacting with either itself or the other monomer, and all four propagation reactions 
are equally possible. The copolymer ratio will resemble the feed ratio and 
probability of sequential monomer insertion will be correlated to the fraction of 
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monomer in the feed. There is very little compositional drift as the reaction 
progresses. 
(b) rl = r2= 0 (kll = k22 = 0): Each of the anionic centers shows a strong preference for 
the other monomer rather than itself. This will lead to a truly alternating copolymer 
regardless of the feed ratio. The ratio of monomers in the copolymer will always be 
1:1. There is no composition drift as the reaction progresses. 
(c) r1>1 and r2 <1 (kll > kl2; k22 < k21): Copolymer is enriched in monomer 1 as the 
probability of being incorporated into the polymer chain is higher. As the reaction 
progresses, compositional drift will become more pronounced.   
(d) r1<1 and r2>1 (kll < kl2; k22 > k21): Copolymer is enriched in monomer 2 as the 
probability of being incorporated into the polymer chain is higher. As the reaction 
progresses, compositional drift will become more pronounced.   
(e) r1<1 and r2<1 (kll < kl2; k22 < k21) Each monomer prefers cross-propagation, but 
the preference is not absolute. Depending on monomer feed ratio and the actual 
values of r1 and r2, copolymer composition can be controlled.  If r1 is greater than 
r2, the copolymer will be enriched in monomer 1 up to the azeotropic point at which, 
the incorporation will be perfectly alternating. After the azeotropic point the 
polymer will be enriched in monomer 2. Composition drift is negligible up to the 




(f)  r1>1 and r2>1 (kll > kl2; k22 > k21): Like monomers prefer to react with each other 
than the other monomer. Homopolymers are formed. In the case where conditions 
are favorable for cross reactions, block copolymers are formed.   
A graphical representation of theses reactivity ratios can be found in Figure 1.15 A.  
 
1.4.2 Fineman-Ross Method  
A method of linearizing the Mayo-Lewis equation in the form of y=mx+b so as r1 
is equal to x and r2 is equal to b, was first demonstrated by Morton Fineman and Sidney 
Ross in 1950.34 Utilizing the mole fraction of monomers in the feed and the mole fraction 
of monomers in the polymer, the equation is written as such: 
 
Plotting the known values of a series of feed ratios gives a straight line and r1 and r2 can be 
extracted as the slope and y intercept as shown in Figure 1.15 B.  This method is widely 
utilized for terpolymer reactivity ratios with copolymerization of CO2 to further understand 
monomer sequencing.  
 
1.4.3 Recent CO2 based polycarbonate terpolymer in literature 
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The synthesis of terpolymers utilizing ROCOP of CO2 and epoxides is a fairly 
recent phenomena, and as such, not many monomeric systems exist. Below are prominent 
examples where research groups have terpolymerized epoxides and CO2 to form 
polycarbonates with specific chemical properties.   
In 2010 Bun Yeoul Lee et al. published a paper on the kinetic study of the  
terpolymerization of CO2/PO/CHO, CO2/PO/(Butylene oxide)BO, and  CO2/PO/(hexene 
oxide)HO catalyzed by a salen cobalt (III) complex containing four tethered  quaternary 
ammonium  salts (Figure 1.16 A, E).35 Reactions were conducted at 70 oC, at 2 MPa CO2 
and extremely low catalyst loading (100,000:1). For all monomer systems, they reported 
TOF ranging from 4000-10000 h-1 and only polycarbonate formation with low Ð (<1.3).  
The MWs were in the range of 100-200 kg/mol, and bimodal distribution of polymer chains 
were seen via GPC analysis. Fineman-Ross analysis of polymer composition and reactivity 
ratios indicated that PO inherently prefers to react with itself than other epoxides.  
Reactivity ratios for PO/ BO are 1.4 and 0.58, PO/CHO are 1.7 and 0.37 and PO/HO are 
1.9 and 0.46. Additionally, they noted the catalyst did not copolymerize styrene oxide, 
glycidyl ether, and isobutylene oxide with PO. However, they did concede that they may 
not have scrubbed all the impurities out of the monomers.  
Four years later Grinstaff et al. reported the terpolymerization of PO and benzyl 
glycidyl ether (BGE) catalyzed by the same cobalt (III) salen ligand complex bearing only 
one onium salt arm rather than four (Figure 1.6 D).36 The monomers were polymerized at 
25 oC, at 1000:1 catalyst loading, with TOFs ranging from 149 to 563 h-1. Higher activity 
was associated with more PO concentration in the feed ratio.  The reactivity ratios were 
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determined to be 0.93 (PO) and BGE (1.15), indicating that consecutive BGE unit insertion 
is slightly favored. However, seeing as these two numbers are close to 1, and that this 
system closely resembles the feed ratio, they concluded minimal compositional drift 
occurred in these terpolymer chains. Lastly, Grinstaff et al. were able to deprotect the 
benzyl group through catalytic hydrogenation leading to a functionalized terpolymer with 
a pendant hydroxyl group.  
Other functionalized epoxides have also been incorporated into poly(propylene 
carbonate) (PPC) through a terpolymer formulation. In 2015, Darensbourg incorporated a 
pendant alkene in the polycarbonate network by terpolymerizing PO and vinyl oxide (VO), 
utilizing a catalyst with an onium salt bearing large cyclohexane rings and DNP as the axial 
ligand (Figure 1.16 B).37 He found the reactivity ratios to be 3.74 (PO) and 0.22 (VO), 
indicating minimal VO incorporation into the polymer.  
Continuing their efforts to incorporate a significant percent of alkene functionality 
into PPC, Darensbourg et al.  copolymerized PO with another olefin bearing epoxide, allyl 
glycidyl ether (AGE). They observed favorable reactivity ratios, 0.75 (PO) and 0.87 
(AGE), indicating a more even olefin/PO incorporation into the terpolymer chain (Figure 
1.16 C).  Darensbourg et al. was further able to cross link the polymers by photo-induced 
thiol-ene reactions.  The dithiol cross-linker produced no observable effect on thermal 
properties, as the glass transition remained ~ 45 oC even at 100% crosslinking.  More rigid 
tetrathiols displayed significant thermal property improvements due to the reduced 
rotational degrees of freedom of the structure. Tg increased (52-72 oC) with increased 
tetrakis crosslinking from 20-100%.  These polymers demonstrate thiol groups chemically 
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conjugated to the polymer post polymerization facilely alter bulk polymer properties for 
desired end us, such as for surface functionalized films.   
In 2016, Kleij et al. embarked on the terpolymerization of CO2, CHO, and limonene 
oxide (LO).38 The use of limonene oxide afforded two advantages. This alicyclic epoxide 
was a renewable component from bio-derived feedstock of the citrus plant, and the alkene 
moiety allowed for radically initiated thiol-ene click chemistry for added functionality post 
polymerization. Kjeij et al. employed an [Al] (III) aminotriphenolate complex with PPNCl 
as co-initiator, a catalytic system previously reported by their group (Figure 1.16 F). The 
reaction preceded with low Mw (3.6-11 kg/mol) and high dispersities (~1.4).  TOFs were 
not discussed, though polymers took 24 hrs to reach ~70 % conversion. While they did not 
perform a Fineman-Ross analysis for monomer insertion statistics, they followed the 
reaction progression through time to determine monomer incorporation into the polymer 
chain. They observed in a 1:1 mixture of CHO and LO, the final reaction mixture was 74:26 
(CHO:LO). After two hours since reaction initiation, 12% of LO was incorporated and by 
9 hrs, 99% of the CHO monomer was reacted with the ratio of CHO:LO being 75:25. LO 
incorporation is highest initially and then wanes as the reaction progresses, leading to a 
gradient polymer substructure of the monomer sequences. Crosslinking the polymer with 
AIBN and dithiolene produced materials with a 20 oC increase in Tg for terpolymers with 
10-40% LO incorporation. However, 100% crosslinking of just LO polymer increased Tg 
from 73 oC to 150 oC. In this work, they were able to show that crosslinking terpolymers 
can significantly increase thermal stability.   
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Thermal stability is modified by favorable copolymer interactions as well as 
crosslinking. In 2014, Lu et al. made crystal gradient polycarbonates via the isotactic 
terpolymerization of cyclopentene oxide (CPO) and 3,4-tetetahydrofruran  (COPO) 
catalyzed by  a chiral dinuclear cobalt complex (Figure 1.16 G).39 The catalyst 
polymerized the monomers in moderate TOFs (87-161 h-1) at a 1000:1 catalyst loading at 
25 oC with >99% carbonate linkages, moderate Mw (~16 kg/mol), and good dispersities 
(1.2). Fineman-Ross analysis of the monomers demonstrated high reactivity ratio for 
COPO (8.49) and low reactivity for CPO (0.17), indicating a favorable and sequential 
COPO insertion over CPO. Differential scanning calorimetry analysis of COPO/CPO 
monomer compositions determined that increasing COPO content from 30% to 80% 
gradually increased Tg from 80 oC to 125 oC.  AT 69% COPO incorporation, the formation 
of a melting peak begins to form at 210 oC. The melting point curve increases to 271oC as 
COPO mole percent incorporation approaches 99%. These type of crystal gradient 
polymers are useful in the fields of controlled drug delivery as different formulations 
exhibit temperature dependent release rates due to changes in molecular motion.  
 
1.5 Current applications of aliphatic polycarbonates 
Due to their weak thermal properties, aliphatic carbonates did not see the rise to 
prominence in the industrial sector as their alicyclic counterparts.  However, with 
increasing technological knowledge, they are experiencing a renaissance, as other fields 
such as medicinal, adhesive, and optical are utilizing their unique strengths.  
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In 2017, Grinstaff et al. published the use of a poly(glycerol carbonate) (PGC) 
scaffold as a polymeric nanoparticle in which to deliver paclitaxel (PTX) for treatment of 
peritoneal cancer.40 Grinstaff et al. synthesized poly(1,2- glycerol carbonates) with a 
pendant hydroxyl unto which paclitaxel was grafted with a succinic acid spacer (Figure 
1.17 A).  Utilizing sodium duodecyl sulfate (SDS) as a surfactant, nanoparticles of PGC-
PTX were successfully produced. Release studies indicated no burst kinetics for 34% and 
43% loaded PXT. Rhodamine labeled cell studies indicated by four hours, 75% of these 
nanoparticles were uptaken by cells, and by 24 hours, all particles were uptaken into cells.  
Due to the controlled and slow release of PXT from PGC-PTX, higher doses are 
obtained per injection than the current clinical standard of paclitaxel-chromophore/ ethanol 
mixtures in which the chromophore/ethanol is also known to be toxic. The median lethal 
dose for mice is 128 mg/kg and a standard dose of PTX-/C/E is ~25 mg/kg.  A dose of 
34%-PGC-PTX (a total drug loading of 140 mg/kg) nanoparticles were injected into rats 
with peritoneal cancer without observed gross toxicity. The study found that after 6 weeks, 
one dose a week of PGC-PTX was equivalent to one dose per day of PTX-C/E when 
comparing tumor burden (Figure 1.17 B). Grinstaff et al. demonstrated that PGC-PTX is 
an effective nanoparticle carrier for a safe and facile drug delivery system with no 
additional associated toxicities.  
Industrially, PPC diols are used as additives in polyurethane (PU) synthesis to tailor 
thermal and mechanical properties. Oligoethers are utilized in the soft segments of PU 
synthesis, however, as a progressive shift towards bio-based materials is gaining traction, 
polycarbonates, with their superior strength and hardness, are utilized as sustainable 
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feedstock additives in PU synthesis. In 2017, Meng et al. chemically degraded commercial 
PPC at Mw of 80 kg/ mol (hard solid) into macro diols (viscous liquid) at Mws of 2 kg/mol 
through alcohol lysis with 1,2 propane diol (Figure 1.18 B). 41 Subsequently, these 
polycarbonate materials were copolymerized with various fractions of poly propylene 
glycol (PPG) and methyl diisocyanate catalyzed by stannous octoate to produce 
polyurethanes with varying degrees of PPC/PPG incorporation (Figure 1.18 A). Meng et 
al. demonstrated that higher concentrations of PPC led to increased mechanical strength, 
increased tensile strength, and increased hardness in the polymers (Figure 1.18 C), due to 
the carbonate moiety imparting rigidity into the backbone and hydrogen bond formation of 
urethane and carbonyl groups.  
Lastly, PPC is additionally utilized in organic photovoltaic devises.  Hawker et al. 
reported using PPC as a sacrificial binder for solution processed small molecule bulk 
heterojunctions in solar cells.42 Utilizing benzophenone (BP) as the small molecule, 
Hawker et al. showed that a poly (propylene carbonate) binder allowed for control of the 
solution viscosity without damaging optoelectric performance (Figure 1.19). This lead to 
improved process control without sacrificing efficiency as PPC decomposes at lower 
temperatures than BP.  
 
1.6. Conclusion 
The use of organometallic complexes for catalyzing activation of CO2 into 
polycarbonates is a promising laboratory and industrial method. These syntheses boast, 
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non-toxicity in their formation, the use of safe and bio-renewable reagents, 
environmentally friendly degradation products, and amenability to a variety of epoxides 
and functional groups.   Additionally, the catalyst itself can be recycled and a number of 
publications have focused on the topic.43,44  
In the literature, a vast array of epoxides have been successfully polymerized via 
this method with a large selection of catalysts. However, ascertaining desirable polymer 
properties for specific functional use has been very limited. Indeed, utilizing the beneficial 
modification process of co- and ter-polymerization, these materials are synthetically 
amenable for any variety of purposes.  These aliphatic polycarbonates hold significant 
potential in the fields of adhesion as their pendant moiety substructure can mimic 
commercial poly (alkyl acrylates). Alkyl acrylates and their subsidiaries compose the 
majority of adhesive commodities45–48 and medical devices49,50 such as Post-It® notes, 
Band-Aids®, Duct-Tape®, labels, temporary wall hooks, surgical bandages, and trans-
dermal drug delivery devices.  However, their all carbon backbone compounds to the ever 
increasing non-degradable waste stream in the environment. The topic of my PhD will 
focus on polycarbonate mimetics of poly(alkyl acrylates ) and their use as environmentally 

























Figure 1.2 A. Synthetic scheme of polycarbonates from copolymerization of an 
epoxide and CO2 facilitated by an organometallic catalyst. B. Reaction pathway 
energy barriers for the kinetic product (polymer) and thermodynamic product (cyclic 
carbonate).  
 























Figure 1.3 Mechanistic pathway of polycarbonate and cyclic carbonate synthesis 













Figure 1.4. A. 
1
H NMR of crude carbonate polymer. Integration of methine proton for 
all compounds (monomer, polymer, cyclic carbonate) allows for the calculation of 
percent polymer selectivity and turn over frequency via molar ratios. B. Calculation 
for percent polymer selectivity over cyclic carbonate formation. C. Calculation of turn 
















































































Figure 1.8 A. Basic scaffold for salen ligand catalyst and sites of alterations. B. 






M = Cr, Co, Mg, Al
R1/R3 = tert-butyl, iso-propyl, ethyl, methyl
R5/R6 = cyclohexane, benzene, alkyl, phenyl
R2/R4 = tert-butyl






Figure 1.9 Iterations of Salen cobalt catalysts that exhibit high activity towards 













Figure 1.10 Salen cobalt catalysts that exhibit very little activity towards 












































Figure 1.12 A. Reaction scheme toward the synthesis of poly(1,2 glycerol 
carbonates). B. Reaction scheme toward the synthesis of poly(glyceric acid 
carbonates).  C. Reaction scheme towards the synthesis of poly(1,2 ether carbonates). 

















Figure 1.13 Schematic of the terpolymerization of oxiranes and CO2 catalyzed by an 









Figure 1.14 All Possible reaction pathways for a copolymer system and a 












sequence 100%  dependent on feed ratio





Figure 1.15 A. Monomeric mole fraction plot of feed vs. copolymer.  B. Fineman-

































Figure 1.16 Recent aliphatic and alicyclic epoxides employed for 






























Figure 1.17 A. Synthesis of PGC-PTX. B. Cumulative survival of animals treated 
with saline, PTX-C/E for 7 weeks, or 140 mg kg-1 PTX via 34% PGC–PTX NPs. 

























34% PGC-PTX NPs (140 mg/kg PTX)






















Figure 1.18 A. Synthetic scheme of polycarbonate ether urethane. B. Photographs 
of (a) commercial PPC, (b) PPC macrodiols, and (c) synthesized polycarbonate 
ether urethane C. Tensile strength and elongation at the break of polycarbonate 





































Figure 1.19 A. Structure of small molecule (BP) and precursor (BP) as an 
electron donor in organic photovoltaic bulk heterojunctions, and PPC as a 
sacrificial binder for inkjet printing. B. Thermal gravitational analysis curves 






























CHAPTER 2. Poly(Alkyl Glycidate Carbonate)s as Degradable Mimetics of       
                        Poly(Acrylate) Pressure Sensitive Adhesives 
 
2.1. Chapter Forward 
This chapter was adapted from the following previously published paper:  
A. Beharaj, I. Ekladious, M. W. Grinstaff, Angew. Chem. Int. Ed. 2019, 58, 1407. 
 
2.2. Introduction 
Poly(alkyl acrylate)s are commodity polymers used in the pharmaceutical, cosmetic, 
automotive, adhesive, electronics, textiles, plastics, and paint industries.51–55 Formulations 
of these poly(acrylate)s are utilized as pressure-sensitive adhesives (PSAs) in consumer-
grade tapes, labels, packaging, baby diapers, medical bandages, etc.56,57 The PSA sector is 
among the fastest growing in the adhesive market, and new formulations with increased 
adhesivity, degradability, or stimuli-responsive characteristics, are of interest.58 However, 
their wide-spread industrial use on the multi-ton scale affords a significant non-degradable 
waste stream due to their all aliphatic carbon backbone.59 As mounting plastic waste affects 
all aspects of life on earth, we are cognizant of the need to consider a polymer’s complete 
lifecycle from synthesis, to use, to degradation.60,61  We hypothesize the introduction of a 
cleavable carbonate linkage within the poly(acrylate) backbone will provide a degradable 
polymer while maintaining key properties, such as adhesivity (Figure 2.1 B).  
The insertion of a carbonate moiety into the backbone of these acrylate polymers 
introduces an inherent glycidate or glycerol substructure allowing the carbonate analogue 
polymers to degrade into safe natural metabolites.(i.e., carbon dioxide, glycerol, glycidates, 
alcohols, and benign acids). Herein we report the synthesis and characterization of 
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poly(carbonate) analogues of poly(methyl acrylate) (PMA), poly(ethyl acrylate) (PEA), 
and poly(butyl acrylate) (PBA) by the copolymerization of CO2 and the corresponding 
alkyl glycidate. Additionally, we describe the role pendant chain steric and electronic 
interactions play in monomer reactivity as well as the bulk properties of the resultant 
polymers via the study of two constitutionally isomeric polymers in which the pendant 
group esters are in reverse orientation (Figure 2.1 C). 
To install the carbonate moiety within the polymer backbone, we selected a 
polymerization methodology pioneered and brought to fruition by Coates62, 
Darensbourg63, Frey64, Inoue, Lu65, and Nazaki66. Specifically, the poly(carbonate)s were 
synthesized via the copolymerization of an oxiranyl monomer and CO2 using a metal salen 
catalyst with a quaternary ammonium salt, rac-[SalcyCoIIIDNP]DNP, as shown in Scheme 
2.1. Polymer selectivity was determined by 1H NMR spectroscopy as the ratio of the 
polymeric methine hydrogen to the cyclic carbonate methine hydrogen. Turn over 
frequency (TOF) was calculated as ([product]/[product + monomer])·catalyst loading·h−1 
as determined by 1H NMR. Finally, number average molecular weight and dispersity were 
determined via GPC analysis in THF with polystyrene standards. 
 
2.3 Results and discussion 
The carbonate acrylate mimetics polymerize with low TOF values in the presence of 
the cobalt salen catalyst (1000:1 monomer: catalyst loading) at 25 oC and 1.54 MPa of CO2 
to give PMAc, PEAc, and PBAc (Mn=7.3 to 10.6 kg/mol with narrow dispersities <1.2) 
and significant formation of the cyclic carbonate (Figure 2.2 and Table 2.1). Of the three 
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monomers, the methyl ester glycidate displays the highest polymer selectivity of 72%, 
compared to 54% for the ethyl ester and 48% for the butyl ester monomers. The catalytic 
TOF of the glycidate epoxides decreases with increasing carbon number of the pendant 
ester (24, 15 and 5.6 h-1 for methyl, ethyl, and butyl respectively). These low TOF values 
are similar to the value reported for the polymerization of poly(benzyl glycidate carbonate) 
(TOF = 11 h-1 ) under the same temperature and catalyst loading.31 Upon screening the 
polymerization conditions, similar trends are observed for all monomers. Raising the 
reaction temperature increases turnover rates but diminishes polymer selectivity, preferring 
the formation of cyclic carbonate. Increasing catalyst loading affords a bell curve with an 
optimal polymer selectivity centered at 500:1 monomer:catalyst loading. (Tables 2.2-4).  
Next, we investigated the copolymerization of CO2 and the corresponding oxiranyl 
glycidyl monomers where the pendant group esters are in the opposite orientation to the 
epoxide used above. These epoxide monomers are less sterically crowded and the electron 
withdrawing effect of the carbonyl is removed, while still preserving the ester functionality 
in the resulting polymer (Figure 2.1). The ethyl glycidyl ester and butyl glycidyl ester 
monomers efficiently polymerize in the presence of the cobalt salen catalyst (1000:1 
monomer: catalyst loading) at 25 oC under 1.54 MPa of CO2 with significantly greater TOF 
values (up to 10 fold) to provide the corresponding polymeric constitutional isomers with 
moderate molar mass (Mn = 5.9 kg/mol to 9.9 kg/mol) and low dispersities of <1.2 (Figure 
2.2 and Table 2.1). A similar trend in TOF and selectivity, to that of the glycidate 
polymerization, is observed with the values decreasing with increasing carbon number of 
the pendant ester (ethyl and butyl: TOF=171 h-1 and 129 h-1 and selectivity 99% and >99%, 
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respectively). Decreasing the monomer:catalyst loading gives higher TOF values (with the 
optimal ratio being 2000:1) while increasing the temperature affords more cyclic carbonate 
(Tables 2.5-6).  
The low TOF values and low polymer molar mass observed with the ester glycidate 
polymerizations are likely a consequence of the carbonyl group alpha to the methine carbon 
of the epoxide affording increased: 1) steric hindrance during the polymerization reaction; 
and 2) cyclic carbonate formation via the electron withdrawing effects from the adjacent 
carbonyl.  Additionally, these electron withdrawing groups effect regioselectivity as 13C 
NMR spectra of glycidyl polymers exhibit 100% head-to-tail polymer backbone formation, 
indicating nucleophilic attack only on the least substituted side of the epoxide. However, 
13C NMR of the glycidate polymers display head-to-tail, tail-to-tail, and head-to-head 
regiosequences as well, indicating nucleophilic attack on the more substituted carbon is 
also occurring. (Figures 2.4-2.8).  
All polymers exhibit bimodal distributions (Figure 2.9) due to dissolved water 
molecules (either in the reactor chamber or residual from monomer synthesis) starting new 
polymer chains through nucleophilic attack of the epoxide. This is a known phenomenon 
in these reactions as previously discussed by Darensbourg.67 Additionally, MALDI-ToF 
chain-end analysis indicates the main distribution corresponds to a hydroxyl initiator and 
hydroxyl terminal group, while the minor distribution is initiated with dinitrophenolate 
(from the catalyst) and a hydroxyl terminal group. (Figure 2.10). Although bimodal, these 
polymers exhibit narrow dispersities (<1.2) when integrating over both peaks. The 
polymers, like the poly(alkyl acrylate)s, are soluble in polar aprotic solvents such as 
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dimethylformamide, tetrahydrofuran, dichloromethane, dimethylsulfoxide and 
acetonitrile, while not soluble in highly polar protic solvents such as water and methanol. 
We hypothesize that the proximity of the carbonyl functionality to the polymer 
backbone in PMAc, PEAc, and PBAc will restrict polymer motion leading to enhanced 
crystallinity, greater decomposition temperatures (Td), and higher glass transition 
temperatures (Tg) compared to PGC-E, and PGC-B, as well as PMA, PEA and PBA. At 
room temperature, PMA is a pliable solid with a Tg of 10 oC, while PEA and PBA are 
viscoelatic liquids and possess lower Tg values of -27 oC and -50 oC respectively. No 
melting and/or crystallization temperatures are observed for PMA, PEA and PBA. In 
contrast, PMAc, PGC-E, and PEAc are brittle solids at room temperature with Tg = 17, 
24, and 32 oC, respectively. All of the carbonate analogues possess higher Tg than their 
corresponding poly(acrylate) derivatives (Table 2.1). This finding is attributed to the sp2 
hybridization of the carbonate in the backbone limiting bond rotation, and, thus, leading to 
greater polymer rigidity. 
Additionally, PGC-E possesses a lower Tg (24 oC) compared to PEAc (32 oC). The 
higher Tg value for PEAc is likely attributed to the side-chain carbonyl group, which 
imparts backbone rigidity and facilitates interchain packing through dipole interactions to 
form a more thermally stable bulk material. Unexpectedly, PGC-B exhibits a higher Tg (0 
oC) than PBAc (-5 oC), suggesting that the pendant chain carbon length dominates polymer 
packing when longer than two units. Furthermore, as mentioned above, PBAc contains 
varied regiosequences in its backbone chain, while PGC-B is perfectly alternating. This 
irregularity in PBAc likely leads to a larger packing volume. The polyacrylate materials 
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exhibit higher thermal decomposition (Td) at 50% weight loss (~380 oC) compared to all 
carbonate analogues (~225 oC). The acrylate mimics possess slightly higher decomposition 
temperatures (~230 oC) than the glycidyl counterparts (~225 oC) as hypothesized (Figure 
2.11).   
The cytotoxicity of all the acrylate and carbonate polymers was evaluated against NIH 
3T3 fibroblast cells at a high concentration of 2.5 mg/mL for 24 hours in transwell plates 
(Figure 2.12). One-way ANOVA testing (p >0.05) revealed no statistical significance 
between the control and polymer groups, indicating that the polymers do not leech 
cytotoxic compounds.  
To determine the effect of introducing a carbonate linkage into the poly(alkyl acrylate) 
structure on the adhesive properties, 180O peel tests were conducted with glass (SiO2) as 
the base stock and A4 paper as the face stock (Figure 2.14). Only room temperature 
viscous polymers were examined. PBA exhibits the weakest peel strength (0.13 N/cm) 
while PEA possess the highest (8.04 N/cm). The poly butyl carbonate analogues, PBAc 
and PGC-B, are stronger adhesives than PBA, but weaker than PEA. The relative 
enhancement in adhesivity with the carbonate polymers likely reflects increased polymer-
polymer van der Waals forces compared to the aliphatic poly(acrylate)s. PBAc (4.3 N/cm) 
and PGC-B (2.1 N/cm) exhibit comparable adhesive strength to commercial Duct Tape, 
(3.9 N/cm, 3M 2929) and scotch tape (1.7 N/cm, 3M 810), respectively. All of the 
carbonate and acrylate polymers display cohesive failure in testing, consistent with failure 
in the bulk layer of the material. 
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Aliphatic polymers are immune to most methods of degradation and are only broken 
down by specific microbes. The process itself is long, and thus, polyacrylates exhibit main 
chain degradation in soil at a rate of 0.12% per 6 month, if at all.45 In contrast, 
polycarbonates are known to degrade via UV radiation, oxidative cleavage, water erosion, 
as well as microbial, thus, polycarbonate life expectancy peaks at 3 years.46 To evaluate 
the effect of introducing a carbonate linkage into the polymer backbone on degradation, 
studies with PEAc, PGC-E, and PEA were conducted over a 35 day period (Figure 2.13). 
The polymers were dissolved in a THF/water solution of 3:1 v/v %, and the number average 
molecular weight (Mn) was monitored via GPC analysis as a function of time. The pH of 
the buffer solution was varied from 5 to 9 so as to cover a range of environmental and 
biomedical relevance.  
The molar mass of PEA remained relatively constant over the one month period at all 
three pH ranges (although some pendant ester hydrolysis is expected) as the initial and final 
Mn were not statistically different from each other (One way ANOVA, p >0.05). Indeed, 
there was significant error in the acrylate data due to high dispersity of the commercial 
acrylate polymer.  Both PEAc and PGC-E showed appreciable degradation in all three 
conditions. Degradation occurred fastest at pH 9 and slowest at pH 5 for both polymers. 
PGC-E exhibited the fastest degradation rates with t1/2= 2, 18, and >35 days for pH 9, 7, 
and 5, respectively. PEAc exhibited degradation with t1/2= 33, >35, >35 days for pH 9, 7, 
and 5, respectively. PGC-E degraded faster than PEAc in all three buffers. Additionally, 
none of the polymers degraded in neat organic solvent (THF) for a span of 30 days (data 
not shown). As the degradation products are CO2 and benign alcohols and acids, these 
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ecologically friendly materials are part of a renewable cycle. As more than 260 million 
metric tons of plastic products are made per annum47, tailoring polymers for faster or 
controlled degradation is critical to meet the ever-increasing demand for plastic goods in a 
growing world economy. 
 
2.4 Conclusion 
In conclusion, five novel carbonate polymers that structurally mimic widely utilized 
commercial poly(acrylate)s are described. The alkyl glycidate and glycidyl ester 
poly(carbonate)s are synthesized via copolymerization of the corresponding epoxide and 
CO2 using a cobalt(III) salen catalyst. The polymerization efficiency is greater for the 
glycidyl monomers with TOF values ten times greater, along with less cyclic carbonate 
formation. The reported methodology is amenable to preparing polymers possessing varied 
alkyl ester chain lengths with narrow dispersities. The thermal and degradation properties 
of these two constitutional isomer polymers are significantly different. The PMAc, PEAc, 
and PBAc polymers possess higher Tgs than their PGC-E/B counterparts as well as higher 
Tgs than the commercial poly(acrylate)s. Additionally, the carbonates retain the adhesive 
properties of their acrylate analogues. Introduction of the carbonate linkage within the 
polymer backbone provides a means for polymer degradation of both polymers unlike the 
poly(acrylate)s. Due to the degradable nature and the relatively benign degradation 
products, these polymers add to the repertoire of known biodegradable and biocompatible 
carbonates, and will be of interest for applications in the biomedical/pharmaceutical and 




2.5. Materials and methods 
2.5.1 General information  
All manipulations involving air- and/or water-sensitive compounds were carried out in a 
glovebox. All oxiranyl monomers were refluxed over CaH2, and fractionally distilled under 
a nitrogen atmosphere prior to use. Carbon dioxide (99.995%, bone dry) was purchased 
from Airgas and used as received. Reagents were purchased from Sigma Aldrich and used 
as received.  
2.5.2 Experimental procedures 
 NMR experiments. 1H and 13C NMR spectra were recorded on a Varian 500 MHz type (1H, 
500MHz; 13C, 125 MHz) spectrometer. Their peak frequencies were referenced against the 
solvent, chloroform-d at δ 7.24 for 1H NMR and δ 77.23 ppm for 13C NMR, respectively.  
Size exclusion chromatography. All polymer molecular weights were determined by gel 
permeation chromatography versus polystyrene standards (Agilent Technologies) using 
THF as the eluent at a flow rate of 1.0 mL/min through a Styragel column (HR4E THF, 
7.8 x 300 mm) with a refractive index detector.  
MALDI-ToF. MALDI-ToF mass values for polymers were determined using a Bruker 
autoflex Speed MALDI-ToF mass spectrometer equipped with a SMART-beam II and a 
flash detector. Samples were prepared by dissolving in a 1:1 vol/vol mixture of matrix 
solvent (20 mg/mL aqueous solution of dihydrobenzoic acid in 50% acetonitrile with 0.1% 
TFA) and 10 mg polymer dissolved in minimal amount THF. 
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DSC/TGA. Thermogravimetric Analysis (TGA) measurements were performed using TGA 
Q50. All samples were heated from 20 to 500 °C at a heating rate of 10 °C/min. All samples 
were also tested with Differential Scanning Calorimetry (DSC) at a heating rate of 
10 °C/min and a cooling rate of 10 °C/min from -50 to 140 °C. The weight of all samples 
was between 2 to 10 mg and the samples underwent three heat-cool-heat cycles. 
180° Peel Tests 
The peel adhesion test was carried out at room temperature (23°C) by using Fischerbrand 
glass microscope (SiO2) slides (base stock) and a A4 paper (face stock) as substrates.   
The face dimensions for the glass slides were 7.6 cm × 2.6 cm. The adhesive was coated 
on the non-frosted surface of the glass plate containing a coating area of 5.7 cm × 2.6 cm 
with a coating thickness of ~50 μm. Then, the paper substrate was stuck on the coated glass 
slide. The sample was let to settle for 1 minute prior to testing on a custom built machine 
using a Newton Spring Scale with peel speed operating at 10 cm/min.  
Commercial all-purpose Duct Tape (3M 2929) and Scotch Tape (3m 810) were used as 
received, (besides width modifications) and stuck to the glass. Duct tape was cut to half its 
original width, scotch tape was not modified. Post-it Notes (3M, 3in x 3in) were measures 
as is with base stock and face stock being paper.  Three specimens were used for each 
adhesive formulation in this test. The average from the load‐propagation graph was used 
to calculate the peeling force. Peel strength is defined as the average load per width of the 




Cell culture. NIH 3T3 mouse fibroblasts (ATCC) were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% bovine calf serum and 1% penicillin–
streptomycin. Cells were maintained in a humidified environment at 37 °C with 5% CO2. 
In vitro evaluation of biocompatibility. NIH 3T3 cells were seeded in a 24-well plate at a 
density of 6.5x104 cells/well and allowed to adhere for 24 h at 37 °C in 5% CO2. The 
culture media was then replaced with fresh media, and cells were incubated with dry 
polymer samples using transwell inserts (6.5 mm outer diameter, 0.4 μm pores). Cell 
viability was assessed 24 h after treatment via the MTS in vitro cytotoxicity assay 
(CellTiter 96 Aqueous One, Promega). 
2.5.3 Synthetic procedures 
Synthesis of catalyst. The salen catalyst rac-[SalcyCoIIIDNP]DNP was synthesized 
according to previous literature from Lu et al.19  
Synthesis of glycidate monomers. All glycidate monomers were synthesized according to 
previous literature.68 Butyl acrylate (20 mL, 162 mmol) and tetrabutylammonium chloride 
(9.0 g, 32 mmol) were added to a roundbottom flask in an ice bath.  To the mixture, a 5 
wt-% NaOCl aq. solution (265 mL, 178 mmol) and a saturated aq. solution of sodium 
bicarbonate (150 mL) was added.  The reaction was stirred at 0oC for 2-4 hr, until all 
monomer was reacted by TLC analysis. The reaction was washed with ethyl acetate (150 
mL) to collect the oxiranyl product. The separated organic layer was washed with brine 
(100 mL) three times and dried with sodium sulfate. The organic layer was evaporated off, 
and the product was purified by fraction distillation to yield butyl glycidate as a clear oil 
(7.2 mL, 55 mmol, 34 % yield).  The methyl glycidate and ethyl glycidate synthesis 
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followed the same procedure, taking more caution with the evaporation stages as the 
boiling points of these products are low. (1H NMR,  Figures 2.15-17.) 
Synthesis of glycidyl monomers. All glycidyl monomers were synthesized according to 
previous literature.69 A roundbottom flask was charged with 200 ml dichloromethane, 
trimethylamine (84 mL, 600 mmol) and glycidol ( 20 mL, 300 mmol). The reaction was 
placed in an icebath and stirred for 30 minutes. Acetyl chloride (23.4 mL, 333 mmol) was 
added dropwise and the reaction was stirred for another 3 hours at room temperature. The 
subsequent solution was filtered to remove the salt precipitate. The organic layer was 
washed with saturated sodium bicarbonate (100 mL) three times, once with brine (100 mL), 
dried over sodium sulfate, and evaporated off under low pressure.  The crude product was 
fraction distilled to produce pure glycidyl acetate as a clear oil. (29 mL, 272 mmol, 91% 
yield). Glycidyl butyrate synthesis followed the same procedure. (1H NMR, Figures 2.18-
19.) 
Representative procedure for copolymerization of oxiranyl ester with CO2 using rac-
[SalcyCoIIIDNP]/DNP.  In a glovebox, butyl glycidate (1.4 ml, 10 mmol) was added into 
a high pressure autoclave, followed by the addition of rac-SalcyCoIIIDNP (5.6 mg, 0.010 
mmol). The autoclave was transferred out of the glovebox and charged with CO2 to 220 
psi. The reaction was allowed to run at 25 °C for 24 h. Subsequently, the CO2 pressure was 
released and the reaction mixture was diluted in minimal amount DCM. The mixture was 
added dropwise into cold MeOH (20 ml) and the precipitated polymer was collected. The 
precipitation was repeated for a total of 3 times until complete removal of the catalyst and 
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unreacted monomer. The resultant material was dried under vacuum to yield 0.42g (26%) 
































Scheme 2.1. Epoxides and CO2 catalysed via a cobalt salen complex (rac-




























































Scheme 2.4. Representative synthetic route towards polycarbonate synthesis from CO2 and 



















Table 2.1. Thermal properties of acrylates and carbonates. [a] The glass transition is 
measured via DSC. [b] Thermal decomposition is determined from the TGA curve at 50% 






























Table 2.2. Synthetic conditions toward the optimization of PMAc polymerization. a only 
































Table 2.3. Synthetic conditions toward the optimization of PEAc polymerization. a only 

































Table 2.4. Synthetic conditions toward the optimization of PBAc polymerization. a only 





































































































Figure 2.1. A. Commercially available poly(acrylate)s, poly(methyl acrylate) (PMA), 
poly(ethyl acrylate) (PEA), and poly(butyl acrylate) (PBA)  their corresponding glycidate 
carbonates B. poly(methyl acrylate carbonate) PMAc, poly(ethyl acrylate carbonate) 
PEAc, poly(butyl acrylate carbonate) PBAc, and glycidyl isomers C. poly(glycidyl ethyl 














Figure 2.2. Polymerization efficiency of epoxide monomers with CO2 and rac-
[salcyCoIIIDNP]DNP. Reactions were performed in neat monomer (10 mmol) in an 8 mL 






















Figure 2.3. WEBMO calculations of Oxiranyl Sigma to Sigma-Star transitions. Natural 
















Figure 2.4. A. Poly(methyl acrylate carbonate) (PMAc) in CDCl3. B. Carbonate 
backbone regiosequence of PMAc, tail-to-tail (TT), head-to-tail (HT) and head-to-head 



























Figure 2.5. A. Poly(ethyl acrylate carbonate) (PEAc) in CDCl3. B. Carbonate backbone 

















Figure 2.6. A. Poly(butyl acrylate carbonate) (PBAc) in CDCl3. B. Ether linkages present 
in backbone, up to 2%.  C. Carbonate backbone regiosequence of PBAc, tail-to-tail (TT), 











Figure 2.7. A. Poly(glycidyl ethyl ester carbonate) (PGC-E) in CDCl3. B. Carbonate 


























Figure 2.8 A. Poly(glycidyl butyl ester carbonate) (PGC-B) in CDCl3.  B. Carbonate 


































Figure 2.9. GPC traces of all carbonate polymers. All polymers exhibit a bimodal 















Figure 2.10. MALDI-TOF spectrum of PGC-E with molecular weight ∼7000 g/mol. 
Signals were assigned structures as such, major: [116.1 (Glycidyl acetate) + 1.0 
(hydroxyl) + 160.1 × n (CO2-alt-GA) + 17.01 (Hydroxyl) +23.0 (Na+)]. and minor:  
[183.1 (2,4-dinitrophenolate) + 116.1 (glycidyl acetate) +160.1 × n (CO2-alt-GA) +  
















































Figure 2.12. Cytotoxicity study for all acrylate and carbonate polymers against NIH 
Fibroblast 3T3 cells at 2.5 mg/ml concentration for 24 hours. All polymer samples were 






Figure 2.13. Degradation curves of A. PEA, B. PEAc, and C. PGC-E, at pH 5, 7, and 9 










Figure 2.14. Peel strength of poly(acrylate)s, poly(carbonate) analogues, and commercial 
adhesives at 22 oC. (180o on glass following ASTM D903; N=3, Avg ± STD). * 






























































1H NMR (500 MHz, Chloroform-d) δ 4.34 – 4.15 (m, 2H), 
3.43 (dd, J = 4.2, 2.5 Hz, 1H), 3.01 – 2.84 (m, 2H), 1.30 (t, J 

























1H NMR (500 MHz, Chloroform-d) δ 4.19 (qt, J = 10.8, 6.7 Hz, 2H), 
3.43 (dd, J = 4.1, 2.4 Hz, 1H), 2.99 – 2.90 (m, 2H), 1.72 – 1.60 (m, 


























































































































































































Figure 2.25. Crude 1H NMR Spectra of PBAc polymer, monomer, and cyclic carbonate 










Chapter 3. Novel Polycarbonates as Non-Toxic, Biodegradable, Pressure Sensitive  
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3.1 Chapter forward   
In Chapter two, the synthesis of novel aliphatic polycarbonates, mimics of 
polyacrylates that retained their adhesive properties, was demonstrated.  These acrylate 
analogues and constitutional isomers exhibited peel strengths comparable to commercial 
adhesives. The acrylate analogue formulation exhibited superior adhesives strength 
compared to the constitutional isomers, however, the synthesis of the analogue monomers 
is highly labor intensive. Modification of the polymer towards a desired adhesive profile 
which saves cost and time is always a key design parameter streamlined manufacturing 
practices. Current methods for adhesive property modifications includes the use of 
plasticizers, tackifiers, and incorporation of two or more chemically distinct monomers. To 
that end, we terpolymerized glycidyl acetate, glycidyl butyrate, and CO2 to afford a library 
of pressure sensitive adhesive materials with a diverse range of thermal and adhesive 
properties. 
3.2 Introduction 
 Pressure sensitive adhesives (PSAs) are a class of non-Newtonian fluids that adhere 
dissimilar surfaces under light contact pressure.47 For medical applications, PSAs are 
utilized in surgical tapes70,71, biomedical electrodes for patient monitoring72, and 
transdermal drug delivery systems73–76, most notably the nicotine patch77. They are also 
used in medical surgical devices to temporarily hold an implantable, such as a collagen 
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buttress, in a surgical stapler.78–82 For example, in tissue resection surgeries (e.g., lung, 
ovarian, hysterectomy, gastric bypass etc.), to prevent risk of air/fluid leakage, tissue 
tearing at the staple line, and staple pullout in friable tissue, surgeons reinforce the resected 
area with a collagen buttress. An adhesive layer fastens the collagen buttress to the jaws of 
the surgical stapler. This adhesive must perform the conflicting tasks of adhering the 
buttress with sufficient force so that it will not fall off during normal operation, and it must 
easily be released from the surgical stapling device after the staples are fired, in addition to 
good biocompatibility and bioresorbability. 
 Common adhesives systems in the practice of resection surgery include cyanoacrylate 
adhesives83. However, due to their strong adhesive bond, removing the buttress after firing 
of the instrument is difficult and the collagen must be torn or cut from the device, adding 
extra steps to an already delicate situation. Weaker adhesives, which possess great 
biocompatibility, such as aqueous solutions of cellulose derivatives, exhibit sufficient 
tackticity but must be must be applied for each buttress and each firing just prior surgery.84 
This procedure is time consuming and is complicated by the fact that the water based 
solvent of the adhesive evaporates with time. The ideal adhesive system for this procedure 
is a releasable, biocompatible, nonvolatile, non-degradable, inexpensive material that is 
packaged and sterilized at the same manufacturing plant as the buttress, increasing 
efficiency. Here in we disclose the synthesis of a novel polycarbonate as a biocompatible, 
non-cytotoxic, non-immunogenic, pressure sensitive adhesive with a balanced 




3.3 Synthesis and degradation products 
 From a biocompatibility design perspective, we are cognizant of the need to consider 
the nature of the polymer breakdown products, and have judiciously chosen material whose 
degradation products are naturally occurring for human consumption. Additionally, 
perpetual use of petroleum feed-stocks is not sustainable, and supplementing such systems 
with bio-derived materials alleviates the dependency. To this end, we utilized a synthetic 
pathway incorporating glycidol derived oxiranyl monomers and carbon dioxide catalyzed 
by an organometallic complex to produce a perfectly alternating carbonate copolymer. This 
synthetic methodology was pioneered by Inoue et al.12 and optimized by Lu et al.19 with a 
highly efficient catalyst framework. The polymerization system accommodates various 
epoxide monomers85, allowing for the fine-tuning of the polymer composition and 
microstructure to attain desired performance properties. As such, these polymeric systems 
are also amenable to local drug delivery at the resection site, tissue grafts, wound healing, 
and tissue reconstruction via the incorporation of another functionalized monomer.  
 Mimicking the pendant functionality of current commercial adhesives (Figure 3.1 A), 
poly(glycidyl acetate-co-glycidyl butyrate carbonate) (GA-co-GB) was synthesized via the 
terpolymerization of glycidyl acetate (GA), glycidyl butyrate (GB), and 2.7 MPa of  CO2 
catalyzed by a salen cobalt complex (2000:1 catalyst loading) at 40 oC (Figure 3.1 B).  The 
ester side chain of glycidyl butyrate imparts adhesivity through van der Waals interactions, 
while glycidyl acetate raises polymeric cohesive strength through smaller polymer volume 
by tighter compaction of polymer chains. The monomeric units formed during 
decomposition of  (GA-co-GB) are biologically benign and are comprised of glycerol, a 
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food additives identified as Generally Recognized as Safe (GRAS) by the FDA, butyric 
acid, a compound responsible for the sharp smell of feta cheese86, as well as acetic acid, a 
compound in vinegar, and CO2, an atmospheric gas (Figure 3.1 C). 
 
3.4 Results and discussion  
3.4.1 Polymer reaction kinetics and thermal properties 
 A small library of polymers were synthesized with varying monomeric feed ratios of 
glycidyl acetate (GA),  and glycidyl butyrate (GB) as shown in Figure 3.2 A. 
Compositional analysis of monomer feed to polymer incorporation results in high 
compliance with each other (Figure 3.2 B). Due to peak overlap of the methine proton in 
GA-co-GB polymers in 1H NMR spectra, low conversion reaction rate kinetics were not 
able to be conducted, and thus, we utilized extended Kelen-Tudos-(high conversion) 
linearization methods to derive the reactivity ratios from the 1H NMR spectra of pure 
polymers via the integration of the two distinct pendant esters. Reactivity ratios for GA and 
GB are rGA=0.66 and rGB=0.41, respectively, with a high linear correlation of R2=0.949 
(Figure 3.3 A). These results indicate GA and GB generally prefer cross-propagation, and 
polymer compositional distribution mirror feed composition.  
 The catalyst polymerized GA with high turn-over frequency (164 h-1), high polymer 
selectivity (>99%), moderate molecular weight (13.3 kg/mol), and low dispersity (1.13). 
Under the same conditions, the catalyst polymerized GB with lower TOF (74 h-1), lower 
polymer selectivity (85%), similar molecular weight of (12.4 kg/mol), and similar 
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dispersity (~1.2). In the CO2/GA/GB terpolymerization, increased GA monomer feed 
percentages led to sequentially higher TOFs compared to GB alone (Figure 3.2 C). The 
glass transition temperature, as measured by differential scanning calorimetry, is 25 oC and 
-7 oC for poly GA and poly GB, respectively. As GB content in the polymer increases, the 
glass transition decreases/reduces from 5 oC to -21 oC. Three of the formulations, PGBC-
100, (GA-co-GB)-87, and (GA-co-GB)-67 are viscous liquids at room temperature (Figure 
3.2 D).  A bimodal distribution of chain length is observed for all polymers by GPC 
analysis, and dispersities remained low at ~1.2 (Figure 3.2 E). This observable phenomena 
is due to adventitious water molecules as MALDI-ToF spectroscopy revealed two initiating 
groups (hydroxyl and dinitrophenoxide) for polymeric chains and one terminating group 
(hydroxyl) (Figure 3.4).  
 
3.4.2 Peel strength 
 Methods for characterizing the adhesive profile of pressure sensitive adhesives include 
peel testing and tack testing. Peel testing, from American Society for Testing and Materials 
(ASTM) procedure D903 is defined as the force per width required to separate a flexible 
substrate from a rigid substrate. To test the adhesive strength of the viscous polymers, 180o 
peel testing was conducted for PGBC-100, (GA-co-GB)-87, and (GA-co-GB)-67, as well 
as Scotch-Tape® and Duct-Tape® for comparative purposes of relative adhesive strength as 
shown in Figure 3.5 B. Glass slides (SiO2) were used as the base stock, and A4 paper 
(2.6cm x 8cm), wetted with neat adhesive, was used as the face stock (Figure 3.5 A). 
Testing was performed on an Instron 5944 series at 180o peel angle at a rate of 360 mm/min 
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as determined by ASTM D903. All polymer adhesives exhibited cohesive failure due to 
weaker bulk forces than surface bonding forces. 
 Scotch-Tape® (3M 810) and Duct-Tape® (3M 2929) exhibit peel strengths (2.1 ± 0.20 
N/cm) and (4.1 ± 0.48 N/cm) respectively. PGBC-100, copolymer purely consisting of GB, 
exhibits peel strength of (2.6 ± 0.23 N/cm). With 23% incorporation of GA substituents, 
(GA-co-GB)-87 exhibited a lessened peel strength of (1.8 ± 0.18 N/cm), comparable to 
Scotch-Tape®. Increasing GA content in the terpolymer to 33% significantly increased peel 
strength to (3.6 ± 0.55 N/cm), comparable to Duct-Tape®.  (Figure 3.5 B).  To compare the 
adhesion energy of all polymer formulations, dynamic mechanical analysis of each 
terpolymer’s viscoelastic profile was conducted through rheometric frequency sweeps. The 
storage and loss modulus for all co-and terpolymer formulations at both 25 oC and 37 oC 
is shown in Figures 3.6, and 3.7. 
 
3.4.3 Tack strength and tack energy 
 Tack strength (Stack), is defined as the ability for an adhesive to form a bond after a 
short contact time and mild pressure.  One method for measuring tack is the “Probe-Tack” 
test. In this procedure, a solid cylinder is brought into contact with the adhesive at a 
specified pressure and duration of contact. The cylinder probe is then removed from the 
adhesive with a specified rate, and the peak of the tensile force-time graph is reported as 
the tack strength (Figure 3.8 A). Integration of the area under the tensile force-time graph 
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provides the tack energy, or tack work of adhesion (Wa) (Figure 3.8 B). Utilizing a DHR-
2 rotational Rheometer, probe tack testing was performed as outlined in ASTM D2979-95. 
 A small sample of adhesive polymer was placed on a DHR-2 Rheometer equipped with 
an 8 mm sand-blasted stainless steel parallel plate geometry and a Peltier plate heated to 
25 oC.  All adhesive formulations were placed on the bottom plate, and the top plate was 
lowered at a rate of 100 m/s unto the adhesive with an applied axial force of 20 N. After 
5 seconds of contact with constant axial force, the top steel substrate was pulled apart with 
a rate of 100 m/s. The force curve was collected for all room temperature viscous 
polymers as shown in Figure 3.9. 
 Debonding of all adhesive polymers tested occurred by cavitation and fibrillation. The 
tack strength of (GA-co-GB)-67 is the highest at 20.8 ± 1.6 N, while (GA-co-GB)-87 and 
PGBC-100 have comparable tack strength of 11.5 ± 0.6 N and 12.8 ± 0.7 N respectively. 
Tack energy, however, is highest for PGBC-100 at 71.9 ± 4.3 J/m2, while (GA-co-GB)-87 
and (GA-co-GB)-67 have similar tack energy of 44.5 ± 2.8 J/m2 and 47.5 ± 2.5 J/m2 
respectively. The discrepancy between tack strength and tack energy is due to failure time, 
as (GA-co-GB)-67 fails the quickest at 1.8 seconds while (GA-co-GB)-87 fails at 2.5 
seconds and PGBC-100 exhibits the longest failure time of 7 seconds. The higher failure 
time and higher tack energy for PGBC-100 indicates that it possesses higher molecular 
entanglement than (GA-co-GB)-67. While (GA-co-GB)-67 possess a stronger adhesive 
profile, (GA-co-GB)-87 exhibits lower viscosity and better flow-ability. Because it can be 
spread onto a collagen surface without the help of solvents or heat, (GA-co-GB)-87 will be 




3.4.4 Cytotoxicity and immunogenicity 
 To determine the cytotoxicity, in vitro cell studies were conducted with (GA-co-GB)-87 
terpolymer with NIH 3T3 fibroblasts. After 24 hours of exposure, no cytotoxicity was 
observed for concentrations as high as 1 mg/ml of polymer as results were comparable to 
untreated controls.  Increasing the concentration to as high as 20 mg/mL afforded 80% cell 
viability (Figure 3.10 A). Immunogenicity was also evaluated against RAW 264.7 cells 
after 24 hour of incubation via quantitation of the cytokine IL-6. No immunogenicity was 
observed for concentrations up to 20 mg/mL when compared to the positive control (Figure 
10 B). These results are promising as they indicate the polymers are biologically 
compatible in vitro.  
 
3.4.5 Lung resection surgery model 
Given that (GA-co-GB)-87 exhibited the desired adhesive profile, we tested its 
performance as an adhesive for securing a collagen buttress to the jaws of a surgical 
stapler. Four criteria were evaluated, consisting of; 1.) The stapler is able to grip the 
collagen and remove it from its packaging with the force of the adhesive alone. 2.) 
Agitation of the stapler would not detach the buttress. 3.) After stapler firing, the jaw of 
the device can be easily removed from the buttress with nothing other than a mild pull 
force, as to not tear the buttress or disturb the underlying tissue. 4.) Closure of the tissue 
resection line with no air leakage.  
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Utilizing the ex vivo lungs of a sheep with a bovine pericardium buttress and 
surgical stapler, we tested the ability of (GA-co-GB)-87 to meet these criteria.  
Rheometric testing of this formulation, at a frequency of 0.1 rad/s (Figure 3.11) 
demonstrated a low complex velocity for the adhesive at 782 Pa. Thus the adhesive was 
able to be coated, without the aid of solvents or heat, on each buttress as they are 
contained in the package from the manufacturer (Figure 3.12) (Movie 3.1). As shown in 
Figure 3.13 (Movie 3.2), the stapler jaws are able to pull the collagen from the packaging 
after application of mild force from jaw closure. Agitation by sequential jaw 
closing/opening and roataion did not detach the buttress from the device, as shown in 
Figure 3.14 (Movie 3.3). After tissue resection, the jaws of the stapler facilely detached 
themselves from the collagen as shown in Figure 3.15 (Movie 3.4). Lastly, the resected 
lung tissue was placed under water and the organ was sequentially inflated/deflated. After 
5 trials, we did not observe bubbles in the water indicated a secure seal and no 
perforations in the resection line (Movie 3.5). These promising results indicate these 
materials possess the desired adhesive performance for securing bovine pericardium 
buttresses to surgical stapler jaw linings.  
3.5 Conclusion 
In conclusion, a series of polycarbonates are synthesized with high efficiency 
utilizing a cobalt(III) salen catalyst by carbon dioxide functionalization. Comprising of 
glycerol based architecture and decomposing into building blocks known to be on the 
GRAS list, present in foods, or our atmosphere, these novel terpolymers are attractive 
materials for potential commercial use from both an environmental and biomedical 
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perspectives. Of the newly synthesized polymers, (GA-co-GB)-87, and (GA-co-GB)-67 
possess the desired thermal profile to perform as pressure sensitive adhesives at room 
temperature. (GA-co-GB)-87 exhibits peel strength comparable to Scotch-Tape® and 
(GA-co-GB)-67 exhibits peel strength comparable to Duct-Tape®. Given their favorable 
biocompatible profile, these compounds were evaluated for their performance as 
adhesives in the attachment of a buttress material to a surgical stapler. (GA-co-GB)-87, 
possessing an adhesive tack energy of 44.5 J/m2, and a complex viscosity of 782 Pa, was 
able to be coated onto the buttress material without the aid of exogenous solvents – 
simplifying the procedure. The adhesive secured the buttress to the jaws of the surgical 
stapler, was not dislodged with agitation, and detached from the jaws after stapler firing 
with minimal force, requiring no further human intervention.  With their many 
advantages, these polymers will be of use in the medical field for any operations and 
procedures requiring a biocompatible material with adhesive strength facilely tailored to 
end-use. 
 
3.6 Materials and methods 
3.6.1 General information 
 All manipulations involving air- and/or water-sensitive compounds were carried out in 
a glovebox. All oxiranyl monomers were refluxed over CaH2, and fractionally distilled 
under a nitrogen atmosphere prior to use. Carbon dioxide (99.995%, bone dry) was 
purchased from Airgas and used as received. Reagents were purchased from Sigma Aldrich 




3.6.2 Experimental procedures 
  NMR experiments. 1H and 13C NMR spectra were recorded on a Varian 500 MHz type 
(1H, 500MHz; 13C, 125 MHz) spectrometer. Their peak frequencies were referenced 
against the solvent, chloroform-d at δ 7.24 for 1H NMR and δ 77.23 ppm for 13C NMR, 
respectively.  
 Gel permeation chromatography. All polymer molecular weights were determined 
by gel permeation chromatography versus polystyrene standards (Agilent Technologies) 
using THF as the eluent at a flow rate of 1.0 mL/min through a Styragel column (HR4E 
THF, 7.8 x 300 mm) with a Waters 2414 refractive index detector.  
 MALDI-ToF. MALDI-ToF mass values for polymers were determined using a Bruker 
autoflex Speed MALDI-ToF mass spectrometer equipped with a SMART-beam II and a 
flash detector. Samples were prepared by dissolving in a 1:1 vol/vol mixture of matrix 
solvent (10 mg/mL solution of dithranol in THF with 0.1% AgTFA) and 10 mg polymer 
dissolved in minimal amount THF. 
 DSC. Differential scanning calorimetry (DSC) measurements were performed using a 
TA Q 100. All samples were tested at a heating rate of 10 °C/min and a cooling rate of 10 
°C/min from -60 to 100 °C. The weight of all samples was between 2 to 10 mg and the 
samples underwent three heat-cool-heat cycles. 
 180o peel strength. The peel adhesion test was carried out at room temperature (22°C) 
by using Fischerbrand glass microscope (SiO2) slides (base stock) and a A4 paper (face 
stock) as substrates.  The face dimensions for the glass slides were 7.6 cm × 2.6 cm. The 
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adhesive was coated on the non-frosted surface of the glass plate containing a coating area 
of 2 cm × 2.6 cm with a coating thickness of ~50 μm. Then, the paper substrate was stuck 
on the coated glass slide with moderate human finger pressure. The sample was let to settle 
for 1 minute prior to testing on an Intron 5944 with peel speed operating at 360 mm/min. 
Commercial all-purpose Duct Tape (3M 2929) and Scotch Tape (3m 810) were used as 
received, (besides width modifications) and stuck to the glass. Duct tape was cut to 2.6 cm 
of width, scotch tape was not modified. Three separate specimens were used for each 
adhesive formulation in this test. The average peak from the load‐propagation graph was 
used to calculate the peeling force. Peel strength is defined as the average load per width 
of the bondline required to separate progressively a flexible member from a rigid member 
(ASTM D 903). (Figures 4.15-17) 
 Probe tack. All tack testing were performed on a Discovery Hybrid Rheometer (DHR-
2 series) with 8mm stainless steel-sand blasted parallel plate geometry with a Peltier plate. 
The adhesive was placed on the bottom plate and a top probe moving at 100 m/sec rested 
on the adhesive until the desired axial force was reached. The adhesive soaked for 5 
seconds, and then the top probe pulled away at a rate of 100 m/sec. The peak of the force 
curve is defined as the tack strength and the area under the curve is defined as the tack 
energy (tack of adhesion Wa) as calculated by: 





 (𝐴 = 𝑚2 , 𝑟 =
𝑚
𝑠
, 𝑡 = 𝑠) m = meter, s = second 
  Frequency sweeps. All oscillatory sweeps were performed on a Discovery Hybrid 
Rheometer (DHR-2 series) with 8mm stainless steel parallel plate geometry with a gap size 
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of 50 m.  Frequency sweeps were performed from 100 to 500 rad/s at 1% strain 
(determined to be in the linear viscoelastic region with a previous strain sweep) at specified 
temperatures (25oC, 37oC) controlled by a Peltier plate.  
  Cell culture. NIH 3T3 murine fibroblasts (ATCC) were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10% bovine calf serum and 1% penicillin-
streptomycin. RAW 264.7 murine macrophages were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Cells were maintained in a sterile, humidified environment at 37 °C with 5% 
CO2. 
 In vitro evaluation of cytotoxicity. NIH 3T3 cells were seeded in a 96-well plate at a 
density of 20,000 cells/well and were allowed to adhere for 24 h. The media was then 
replaced with fresh media, and cells were incubated with polymer samples in 5% DMSO 
using transwell inserts (0.4 μm pores). Cell viability was assessed 24 h after treatment via 
the MTS in vitro cytotoxicity assay (CellTiter 96 Aqueous One, Promega).  
 In vitro evaluation of immunogenicity. RAW 264.7 cells were seeded in a 96-well 
plate at a density of 30,000 cells/well and were allowed to adhere for 24 h. The media was 
then replaced with fresh media, and cells were incubated with polymer samples in 5% 
DMSO using transwell inserts (0.4 µm pores). IL-6 levels were measured via ELISA kit 
(Abcam) and compared to those of RAW 264.7 treated with lipopolysaccharide—a 
molecule known to stimulate IL-6 production and immunogenicity in vitro.  
 
3.6.3 Synthetic procedures 
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 Catalyst. The catalyst (S,S)-[SalcyCoIIIDNP]DNP was synthesized according to 
previous literature by Lu et al.19  
 Epoxide monomer. Glycidyl acetate and glycidyl butyrate was synthesized according 
to previous literature69. A roundbottom flask was charged with 300 ml dichloromethane, 
trimethylamine (84 mL, 600 mmol) and glycidol (20 mL, 300 mmol). The reaction was 
placed in an icebath and stirred for 30 minutes. Butyryl chloride/Acetyl Chloride (35 mL, 
333 mmol)/(27 mL, 343 mmol) was added dropwise and the reaction was stirred for another 
3 hours at room temperature. The subsequent solution was filtered to remove the salt 
precipitate. The organic layer was washed with saturated sodium bicarbonate (300 mL) 
three times, once with brine (300 mL), dried over sodium sulfate, and the DCM was 
evaporated off under low pressure.  The crude yellow product was fraction distilled under 
vacuum at 110/80 oC to produce pure glycidyl butyrate/acetate as a clear oil. (33 mL, 229 
mmol, 76% yield)/ (38 mL, 270 mmol, 90% yield). (Figure 3.16-.17)  
 Polymer synthesis. In a glovebox, glycidyl butyrate (0.67 mL, 5 mmol) and glycidyl 
acetate (0.51 mL, 5 mmol) were added into a high pressure autoclave, followed by the 
addition of (S,S)-SalcyCoIIIDNP (5.21 mg, 0.005 mmol). The autoclave was transferred out 
of the glovebox and charged with CO2 to 2.7 MPa. The reaction was allowed to run at 40 
°C for 10 hr. Subsequently, the reaction vessel was placed in an ice bath for 10 minutes and 
the CO2 pressure was released. The reaction mixture was diluted in minimal amount DCM. 
The mixture was added dropwise into cold MeOH (50 ml) and the precipitated polymer 
was collected. The precipitation was repeated for a total of 3 times until complete removal 
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of the catalyst and unreacted monomer. The resultant material was dried under vacuum to 




























Scheme 3.1. Representative procedure for copolymerization of oxiranyl esters with CO2 












Table 3.1 Extended Kelen-Tudos Calculation Table.  
X = fGA/fGB (Monomer feed)  
Y = FGA/FGB (Polymer incorporation)  
1 = 2(Y/X)  
2 = W(+X)/(+Y)  
Z = log(1-1)/log(1-2)  

















Figure 3.1. A. Synthetic pathway of carbonate terpolymers. B. Chemical structure of 
chiral salen catalyst, (S,S)-[SalcyCo
III
DNP]DNP. [DNP]= Dinitrophenoxide. C. Final 











Figure 3.2. A [#]The reaction was performed in neat epoxide (10 mmol) in a 15ml 
autoclave under 2.7 MPa CO2 pressure at 40 °C with 2000:1 catalyst loading. [a] Molar 
ratio [b] Molar ratio [c]Turnover frequency (TOF) = mole of product (polycarbonates)/mol 
of cat per hour [d] Percent of polymer formed vs. cyclic carbonate as determined by 
1
H 
NMR [e] Determined by DSC analysis [f] Determined by gel permeation chromatography 
in THF, calibrated with polystyrene standards. B Composition diagram for 
terpolymerization of GA with GB and CO2. C. TOF of terpolymer vs. GB percentage in 
monomer feed ratio. D. Glass Transition temperature of all materials vs. GB incorporation 
in polymer chain.  E. GPC trace of poly(glycidyl acetate-co-glycidyl butyrate carbonate). 






























Figure 3.3 A. Extended Kelen-Tudos plot of GA/GB/CO2 terpolymerization. Full 
tabulated computational data can be found in materials and methods Table 3.1 B. Scheme 






































Figure 3.5. A. Concept image of peel testing design. B. Peel testing (180
o
) of (GA-co-
GB) polymers, Duct-tape, and Scotch-Tape, at room temperature (22 
o
C) on glass base 






























Figure 3.6 Storage (G’) modulus for (GA-co-GB) polymers at high frequency at 
25
o






















Figure 3.7 Storage (G’) modulus for (GA-co-GB) polymers at high frequency at 37
o
C 
































Figure 3.9. A. Conceptual design of probe tack testing. b. Probe tack testing of polymers 
on DHR-2 Rheometer at 25 
o
C with 20 N applied axial force, five second dwell time, and 
100 m/s pull-off rate. Computed adhesion energy (Wa), as area under the curve, is given 








Figure 3.10. A. Cytotoxicity to NIH 3T3 fibroblasts of PPGBC at various concentrations. 
Any toxicity observed is independent of dose, suggesting limited PPGBC cytotoxicity. B. 
Immunogenicity of PPGBC to RAW 264.7 macrophages at various concentrations. IL-6 
is not upregulated at any concentration of polymer and shows no in vitro 
immunogenicity. The dashed line represents relative expression of IL-6 with 










Figure 3.11. Complex viscosity vs. frequency of (GA-co-GB)-87 at 25 
o















Figure 3.12. Coating of (GA-co-GB)-87 adhesive to bovine pericardium collagen 











Figure 3.13. Attachment of the adhesive coated collagen buttress to the jaws of a surgical 
stapler and removal from the manufacture packaging. Closing of the stapler jaw provides 












Figure 3.14. Continual agitation, rotation, and closing/opening of the surgical stapler 















Figure 3.15. Surgical resection of lung tissue utilizing a collagen buttress attached to the 
jaws of a surgical stapler via (GA-co-GB) adhesive. After stapler firing, the buttress was 































































































Chapter 4. Thermo-responsive Polycarbonates as Reversible Pressure-Sensitive  
                   Adhesives for Dry and Wet Conditions 
 
4.1 Chapter forward 
In Chapter three, we focused on the terpolymerization of two epoxy-esters and 
carbon dioxide as a means of synthesizing a library of biodegradable pressure sensitive 
adhesives. In this chapter, we introduce another monomer for terpolymerization, propylene 
oxide. With its small steric complexity, this monomer will allow for more minute 
modification in thermal and adhesive properties. Additionally, it is a cheaper feedstock than 
either glycidyl acetate and glycidyl butyrate, allowing for the production of an inexpensive 
material while still maintaining a benign cytotoxic and environmental profile.   
 
4.2. Introduction 
 Pressure sensitive adhesives (PSAs), soft polymeric materials that adhere to surfaces 
via van der Waals interactions under pressure, are primarily composed of acrylic 
copolymers and poly-styrene/isoprene/butadiene based blends.58,87 These viscoelastic 
polymers teeter the delicate balance of liquid enough to wet a surface and elastic enough 
to resist direction of motion. Viscoelastic fine-tuning of bulk polymer properties is 
accomplished through the addition of tackifiers88,89, plasticizers90,91, post-polymerization 
cross linking92,93, or the covalent combination of two or more distinct monomers94–97.   
 Due to their ability to bond dissimilar materials without incompatibility concerns, PSAs 
are ubiquitous in commodity products such as tapes98,99, bandages100, labels101, household 
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decorations102, and packaging.103 Driven by high demand in consumer goods, the PSA 
market value is expected to reach $9.5 billion dollars by 2024, with environmentally 
friendly PSAs representing the fastest growing technology segment.104 Recent advances in 
this field of adhesion chemistry include biomimetic approaches such as nanoscale 
fabrication of the fibrillous geometry found in the adhesive pads of gecko’s feet105, and 
utilization of dopamine enriched proteins as found in the adhesive footpad of marine 
mussels106.  
 Here in, we report new pressure sensitive adhesives composed of a carbonate 
terpolymer. These adhesives exhibit polymer compositional dependences on peel and tack 
strength, bind to metal, glass, wood, and polytetrafluoroethylene, as well as perform in 
both dry and wet environments. From a polymeric materials design perspective, we are 
cognizant of the need to consider the environmental impact of a polymer’s lifecycle, the 
polymerization methodology, and the nature of the building blocks and subsequent polymer 
breakdown products107. To this end, we utilized a synthetic pathway pioneered by Inoue et 
al.12 and brought to realization by Coates108 and Darensbourg109, and a catalyst ligand 
framework optimized by Lu et al.19, in which carbon dioxide is functionalized and used as 
a means of inserting a carbonate moiety into a polymeric backbone, leading to a 
biodegradable, environmentally-friendly polymer. This system is highly amenable to many 
oxiranyl monomers85, allowing for the fine-tuning of the polymer composition and 
microstructure to attain desired chemical, physical, and mechanical properties.   
 Mimicking the pendant functionality of current commercial adhesives (Figure 4.1 A), 
poly(propylene-co-glycidyl butyrate carbonate) (PPGBC) was synthesized via the 
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terpolymerization of glycidyl butyrate (GB), propylene oxide (PO), and 2.7 MPa of  CO2 
catalyzed by a salen cobalt complex (2000:1 catalyst loading) at 40 oC (Figure 4.1 B, C).  
The ester side chain of glycidyl butyrate imparts adhesivity through van der Waals 
interactions, while propylene oxide allows for tighter compaction of polymer chains, 
raising the glass transition temperature and polymeric cohesive strength. The monomeric 
units derived from chain scission of PPGBC are biologically benign and are comprised of 
glycerol and propylene oxide, food additives identified as Generally Recognized as Safe 
(GRAS) by the FDA, as well as butyric acid, a compound responsible for the characteristic 
smell of feta cheese86, and CO2, an atmospheric gas. 
 
4.3. Results and discussions 
4.3.1 Terpolymerization kinetics 
 A library of co- and terpolymers were synthesized with varying monomeric feed ratios 
of glycidyl butyrate (GB) and propylene oxide (PO) as shown in Table 4.1. The catalyst 
polymerized PO with high turn-over frequency (444 h-1), high polymer selectivity (>99%), 
moderate molecular weight (22 kg/mol) and low dispersity (1.18). Under the same 
conditions, the catalyst polymerized GB with lower TOF (77 h-1), lower polymer selectivity 
(86%), lower molecular weight of (12 kg/mol) and similar dispersity (1.2). In the 
CO2/PO/GB terpolymerization, increasing the PO monomer feed percentages led to 
sequentially higher TOFs compared to GB alone. Similarly, increasing PO monomer feed 
percentages afforded greater molecular weight polymers and higher polymeric selectivity 




4.3.1 Thermal properties 
 The glass transition temperature, as measured by differential scanning calorimetry, is 
28 oC and -7 oC for PO and GB, respectively. For the terpolymer incorporation, as the GB 
content increases, the glass transition reduces from 0 oC to -30 oC. A bimodal distribution 
of chain length is observed for all polymers by GPC analysis (Figure 4.2), but dispersities 
remained low at ~1.2. This observable phenomena is due to adventitious water molecules 
as MALDI-ToF spectroscopy revealed two initiating groups (hydroxyl and 
dinitrophenoxide) for polymeric chains and one terminating group (hydroxyl) (Figure 4.3). 
 Fineman-Ross analysis was undertaken to determine the probabilistic sequence 
distribution of monomers in the copolymer composition. In order to approximate steady 
state kinetics, the reactions were stopped at low conversions (~5%) and analyzed by 1H 
NMR (Table 4.2). Fineman-Ross linearization methods revealed a strong correlation (R2 = 
0.9994) between monomer percentage in the feed and monomer incorporated into the 
polymer. The monomeric reactivity ratios for GB (rGB = k11/k12) and PO (rPO = k22/k21) are 
1.32 and 0.26, respectively (Figure 4.5 A), indicating consecutive incorporation of two GB 
units is more favored during the terpolymerization. Since the GB monomeric feed strongly 
resembles GB polymer incorporation at high conversions (Table 4.1, ~60%), the 
terpolymer possesses a gradient distribution of PO insertion, with more PO units 
incorporated toward the end of the chain. 
 
4.3.3 Adhesion Testing 
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 Peel testing, defined as the force per width required to separate a flexible substrate from 
a rigid substrate, was conducted for all viscous terpolymers at room temperature as shown 
in Figure 4.6, to compare the relative adhesive strengths. Glass slides (SiO2) were used as 
the base substrate, and A4 paper (2.6cm x 8cm), wetted with neat adhesive, was used as 
the face substrate. Testing was performed on an Instron 5944 series at 180o peel angle at a 
rate of 360 mm/min following procedures from ASTM D903. All polymer adhesives 
exhibited cohesive failure due to weaker bulk forces than surface bonding forces. 
 PPGBC-56 exhibits superior adhesion with a peel force of 4.9 ± 0.41 N/cm compared 
to all other terpolymers. PGBC-100 (2.6 ± 0.23 N/cm) exhibits peel strength comparable 
to Scotch-tape® (3M 810) (2.1 ± 0.20 N/cm) and PPGBC-56 possesses peel strength 
comparable to Duct-tape® (3M 2929) (4.1 ± 0.48 N/cm). PPGBC-74 and PPGBC-87, 
exhibiting low glass transition temperatures (~ -30oC) both demonstrate comparably low 
peel strength of ~0.8 N/cm (Figure 4.6).  
 To assess the adhesion energy of the polymer formulations, probe-tack testing was 
conducted on a DHR-2 Rheometer with an 8 mm steel parallel plate geometry. All adhesive 
formulations were placed on the bottom plate, heated to 25 oC. The top plate was lowered 
at a rate of 100 m/s unto the adhesive with an applied axial force of 50 N for PPGBC-
33/56/100 and 1 N for PPGBC-87/74, to ensure proper wetting of the entire surface of the 
probe. After 5 seconds of contact with constant axial force, the top steel substrate was 
pulled apart with a rate of 100 m/s. The probe-tack force curve was collected for all 
polymers as shown in Figure 4.7. Tack strength (Stack) is defined as the peak of the force 
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curve and tack energy, or work of tack adhesion, (Wa) is defined as the area under the force 
curve with respect to contact area and debonding velocity.  
 Tack strength correlates with percent of propylene oxide incorporation in the 
terpolymer. Increased PO content leads to higher bulk cohesive forces and increased Stack 
as PPGBC-33 (52 ± 5.2 N) exhibits a higher tackticity than PPGBC-56 (37 ± 4.2 N). 
However, smaller incorporated amounts of PO leads to weaker cohesive forces in the 
terpolymer than PGBC copolymer as the PO linkages form kinks in the polymer structure, 
leading to weaker bulk cohesive forces. The Stack of PPGBC-87 and PPGBC-74 is 6.4 ± 
1.2 N and 5.7 ± 1.2 N, distinctly lower than copolymer PGBC-100, with a Stack of 12.8 ± 
1.3 N.  
 Tack energy exhibits the same pattern, as PO content in the polymer increases, the Wa 
increases as shown in Figure 4.7. Interestingly, PPGBC-33 exhibits adhesive failure at 25 
oC due to strong bulk forces, while PPGBC-56 exhibits cohesive failure. The work of tack 
adhesion of PPGBC-56 (184.8 ± 30.5 J/m2) is higher at 25 oC than PPGBC-33(152.8 ± 9.6 
J/m2) as breaking apart covalent bonds in the polymer chains requires more energy than 
the debonding of surfaces van der Waals forces. At 37 oC, when PPGBC-33 (296.5 ± 25 
J/m2) exhibits cohesive failure, it possesses higher Wa than PPGC-56 at both 25 oC (152.8 
± 9.6 J/m2) and 37 oC (77.6 ± 4.1 J/m2) (Figure 4.8).  
 To assess PPGBC-56 adhesiveness to chemically distinct materials, tack strength 
testing was conducted on metal, glass, wood, and polytetrafluoroethylene (PTFE), using a 
DHR-2 Rheometer at room temperature. The top 8 mm diameter steel plate was lowered at 
a rate of 100 m/s unto one of the five adhesive coated substrates with an applied axial 
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force of 50 N. After 5 seconds of contact, the top steel substrate was pulled apart with a 
rate of 100 m/s. PPGBC-56 possesses a similar peak tack strength force of ~38 N  to 
metal, wood, and steel (Figure 4.9). A reduced but still substantial tack strength is observed 
for PTFE of 27 ± 1.8 N. PPGBC-56 displays cohesive failure to metal, wood, and steel 
while adhesive failure to PTFE. The lower adhesive strength is likely due to the weaker 
van der Waals forces of PTFE from the high electronegativity of the fluorine toms.  
 Using the tack testing protocol as described above, with steel parallel plate  geometry 
and 50N of axial force applied at 25 and 37 oC, and 1 N of axial force applied at 50 and 
100 oC, the thermo-adhesive profile of PPGBC-56 was investigated. As shown in Figure 
4.10, PPGBC-56 exhibits a high tack of 37.1 ± 3.4 N at 25 oC. Increasing the temperature 
to 37 oC reduces the tack strength to 30.4 ± 5.2 N. At 50 oC, the Stack significantly decreases 
to 9.6 ± 1.6 N, and at 100 oC the tack adhesive force is 3.3 ± 0.2 N.  
 A material’s viscosity directly correlates with its timely ability to wet a surface and 
subsequently form an adhesive bond. PPGBC-56 exhibits a glass transition temperature of 
-9 oC and possesses a complex viscosity of 9.5 x 105 Pa (=1 rad/sec) at 20 oC. Thus in the 
above experiments, a 50 N pressure is applied between the substrates to ensure spreading 
of the adhesive and contact between the substrates for bonding. Increasing the temperature 
to 37 oC significantly decreases viscosity (Figure 4.11) and the adhesive wets the surface, 
without requiring an external applied force as the gravitational force of the adhesive mass 
is sufficient to form a strong bond. To quantify the relationship between the pressure 
applied to PPGBC-56 and its ability to form a strong bond, tack testing with varying 
applied axial forces were conduct at 20 oC and 37 oC on 8 mm steel parallel plate 
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Rheometer geometry. The probe soaked for 5 seconds and the top plate was pulled apart 
with a rate of 100 m/s.  
 At a temperature of 20 oC, a strong correlation between applied axial force and peak 
tack strength is observed (Figure 4.12). At a low applied force, 0.5 N, the Stack is 1.49 ± 
0.53 N. As the normal force applied increases from 1 to 5 to 20 N, the Stack also increases 
from 3.96 ± 0.98 N to 17.5 ± 2.51 N to 25.0 ± 1.31 N. At 50 N applied axial force, the 
debonding force is greater than the maximum load cell of the Rheometer (55 N), and thus, 
the Stack is estimated to be > 55 N. At a temperature of 37 oC, a significantly different peak 
tack profile is observed. As the polymer’s viscosity is significantly less at this temperature, 
PPGBC-56 is able to wet and strongly adhere to the probe’s surface with minimal applied 
force (i.e., essentially independent of applied force). An applied axial force of 0.5 N 
requires 32.1 ± 2.3 N of force to separate the materials. Increasing the applied force to 1N, 
5N and 20 N did not change the peak disbonding force, which remained ~ 31 N. At 50 N 
of applied axial force, the Stack force increases to 37.0 ± 2.51 N, although bearing no 
statistical significance.  
 Utilizing this information we hypothesized that a local temperature change will trigger 
adhesion by controlling the viscoelastic state of the adhesive underwater. One side of a 1 
inch3 glass cube (SiO2, 20g) was coated with PPGBC-56 and immersed in 21 oC DI water. 
A 35 gram metal rod with a surface area of 50.26 mm2 (8 mm diameter) was gently placed 
on the adhesive surface, let stand for 5 seconds, and subsequently removed as shown in 
Figure 4.13. Under these conditions, the metal rod did not adhere to the glass cube (Movie 
4.1). Upon heating the water to 37 oC, the same metal rod was gently placed on the adhesive 
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coated glass cube surface, let stand for 5 seconds, and removed from the water as shown 
in Figure 4.13. At this temperature, the metal rod binds to the glass with sufficient force 
that it was able to pick up and hold the glass cube (Movie 4.2). Raising the temperature of 
the water to 50 oC detaches the metal rod from the glass cube (SI Movie 4.3). At this higher 
temperature, heating the system expands the polymeric volume, and releases the rod as 
intermolecular london dispersion forces wane and cohesive failure detaches the cube. 
Repeated 37 and 21 oC cycles of the rod/cube system displayed reversibility with the same 
adhesive coating able to attach and detach the rod. The adhesive detaches through cohesive 
failure, but remains on each respective surface and polymeric mass is not lost into the water. 
Replacing PPGBC-56 with duct tape at either 21 oC or 37 oC did not result in bonding 
between the metal rod and glass cube, likely because the applied axial force (weight of the 
rod) is not sufficient to induce spreading and contact bonding of the adhesive (Movie 4.4 
and 4.5).  
4.3.4 Trans-well in vitro biocompatibility  
 Although these polycarbonates are composed of relatively benign building blocks, 
evaluation of toxicity is warranted with any new material. Preliminary in vitro cytotoxicity 
studies with PPGBC-56 and NIH 3T3 fibroblasts shows that after 24 hours, no cytotoxicity 
is observed at concentrations as high as 20 mg/mL of terpolymer (Figure 4.14 A). Similarly, 
exposure of RAW 264.7 macrophages to PPGBC-56 for 24 hour affords no 
immunogenicity up to concentrations of 20 mg/mL, as the expressed cytokine IL-6 levels 





 In conclusion, a series of polycarbonate terpolymers are synthesized using a cobalt(III) 
salen catalyst in high turn-over frequency, high polymer selectivity, moderate molecular 
weight, and low dispersity. Being composed of building blocks known to be on the GRAS 
list, present in foods, or our atmosphere, these new terpolymer are attractive materials for 
potential commercial use from both environmental and biomedical perspectives. Of the 
synthesized polymers, PPGBC-56 exhibits stronger adhesion than commercial scotch tape 
and comparable adhesion to duct tape. Furthermore, this adhesive sticks to a variety of 
chemically distinct materials. At 20 oC, applied pressure dependent adhesion is observed 
with increased pressures affording greater tack strength forces. This dependency is absent 
at a high temperature of 37 oC, and the adhesive itself is able to wet and subsequently bond 
surfaces with minimal applied contact force and time. The high viscosity of the adhesive 
at room temperature enables a thermo-responsive temperature trigger of adhesion to induce 
bonding and debonding. Through judicious choice of polymer with an eco-design, our 
approach will open new avenues of research as well as catalyze the 
translation/investigation of new products to meet the ever-increasing demands from 
consumers. 
 
4.5 Materials and methods 
4.5.1 General information 
 All manipulations involving air- and/or water-sensitive compounds were carried out in 
a glovebox. All oxiranyl monomers were refluxed over CaH2, and fractionally distilled 
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under a nitrogen atmosphere prior to use. Carbon dioxide (99.995%, bone dry) was 
purchased from Airgas and used as received. Reagents were purchased from Sigma Aldrich 
and used as received. 
4.5.2 Experimental Procedures 
  NMR experiments. 1H and 13C NMR spectra were recorded on a Varian 500 MHz type 
(1H, 500MHz; 13C, 125 MHz) spectrometer. Their peak frequencies were referenced 
against the solvent, chloroform-d at δ 7.24 for 1H NMR and δ 77.23 ppm for 13C NMR, 
respectively.  
 Gel permeation chromatography. All polymer molecular weights were determined 
by gel permeation chromatography versus polystyrene standards (Agilent Technologies) 
using THF as the eluent at a flow rate of 1.0 mL/min through a Styragel column (HR4E 
THF, 7.8 x 300 mm) with a Waters 2414 refractive index detector.  
 MALDI-ToF. MALDI-ToF mass values for polymers were determined using a Bruker 
autoflex Speed MALDI-ToF mass spectrometer equipped with a SMART-beam II and a 
flash detector. Samples were prepared by dissolving in a 1:1 vol/vol mixture of matrix 
solvent (10 mg/mL solution of dithranol in THF with 0.1% AgTFA) and 10 mg polymer 
dissolved in minimal amount THF. 
 DSC. Differential scanning calorimetry (DSC) measurements were performed using a 
TA Q 100. All samples were tested at a heating rate of 10 °C/min and a cooling rate of 10 
°C/min from -60 to 100 °C. The weight of all samples was between 2 to 10 mg and the 
samples underwent three heat-cool-heat cycles. 
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 180o peel strength. The peel adhesion test was carried out at room temperature (22°C) 
by using Fischerbrand glass microscope (SiO2) slides (base stock) and a A4 paper (face 
stock) as substrates.  The face dimensions for the glass slides were 7.6 cm × 2.6 cm. The 
adhesive was coated on the non-frosted surface of the glass plate containing a coating area 
of 2 cm × 2.6 cm with a coating thickness of ~50 μm. Then, the paper substrate was stuck 
on the coated glass slide with moderate human finger pressure. The sample was let to settle 
for 1 minute prior to testing on an Intron 5944 with peel speed operating at 360 mm/min. 
Commercial all-purpose Duct Tape (3M 2929) and Scotch Tape (3m 810) were used as 
received, (besides width modifications) and stuck to the glass. Duct tape was cut to 2.6 cm 
of width, scotch tape was not modified. Three separate specimens were used for each 
adhesive formulation in this test. The average peak from the load‐propagation graph was 
used to calculate the peeling force. Peel strength is defined as the average load per width 
of the bondline required to separate progressively a flexible member from a rigid member 
(ASTM D 903). (Figures 4.15-17) 
 Probe tack. All tack testing were performed on a Discovery Hybrid Rheometer (DHR-
2 series) with 8mm stainless steel-sand blasted parallel plate geometry with a Peltier plate. 
The adhesive was placed on the bottom plate and a top probe moving at 100 m/sec rested 
on the adhesive until the desired axial force was reached. The adhesive soaked for 5 
seconds, and then the top probe pulled away at a rate of 100 m/sec. The peak of the force 
curve is defined as the tack strength and the area under the curve is defined as the tack 
energy as calculated by: 





 (𝐴 = 𝑚2 , 𝑟 =
𝑚
𝑠
, 𝑡 = 𝑠) m = meter, s = second 
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  Frequency sweeps. All oscillatory sweeps were performed on a Discovery Hybrid 
Rheometer (DHR-2 series) with 8mm stainless steel parallel plate geometry with a gap size 
of 50 m.  Frequency sweeps were performed from 0.1 to 500 rad/s at 1% strain 
(determined to be in the linear viscoelastic region with a previous strain sweep) at specified 
temperatures (20oC, 25oC, 37oC, 50oC) controlled by a Peltier plate. (Figures 4.18-19) 
  Cell culture. NIH 3T3 murine fibroblasts (ATCC) were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with 10% bovine calf serum and 1% penicillin-
streptomycin. RAW 264.7 murine macrophages were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Cells were maintained in a sterile, humidified environment at 37 °C with 5% 
CO2. 
 In vitro evaluation of cytotoxicity. NIH 3T3 cells were seeded in a 96-well plate at a 
density of 20,000 cells/well and were allowed to adhere for 24 h. The media was then 
replaced with fresh media, and cells were incubated with polymer samples in 5% DMSO 
using transwell inserts (0.4 μm pores). Cell viability was assessed 24 h after treatment via 
the MTS in vitro cytotoxicity assay (CellTiter 96 Aqueous One, Promega).  
 In vitro evaluation of immunogenicity. RAW 264.7 cells were seeded in a 96-well 
plate at a density of 30,000 cells/well and were allowed to adhere for 24 h. The media was 
then replaced with fresh media, and cells were incubated with polymer samples in 5% 
DMSO using transwell inserts (0.4 µm pores). IL-6 levels were measured via ELISA kit 
(Abcam) and compared to those of RAW 264.7 treated with lipopolysaccharide—a 




4.5.3 Synthetic procedures 
 Epoxide monomer. Glycidyl butyrate was synthesized according to previous 
literature.69 A roundbottom flask was charged with 300 ml dichloromethane, 
trimethylamine (84 mL, 600 mmol) and glycidol (20 mL, 300 mmol). The reaction was 
placed in an icebath and stirred for 30 minutes. Butyryl chloride (35 mL, 333 mmol) was 
added dropwise and the reaction was stirred for another 3 hours at room temperature. The 
subsequent solution was filtered to remove the salt precipitate. The organic layer was 
washed with saturated sodium bicarbonate (300 mL) three times, once with brine (300 mL), 
dried over sodium sulfate, and evaporated off under low pressure.  The crude yellow 
product was fraction distilled under vacuum at 110 oC to produce pure glycidyl butyrate as 
a clear oil. (33 mL, 229 mmol, 76% yield). (Figure 4.20)  
 Polymer synthesis. In a glovebox, glycidyl butyrate (0.67 mL, 5 mmol) propylene 
oxide (0.35 mL, 5 mmol) were added into a high pressure autoclave, followed by the 
addition of (S,S)-SalcyCoIIIDNP (5.21 mg, 0.005 mmol). The autoclave was transferred out 
of the glovebox and charged with CO2 to 2.7 MPa. The reaction was allowed to run at 40 
°C for 10 hr. Subsequently, the reaction vessel was placed in an ice bath for 10 minutes and 
the CO2 pressure was released. The reaction mixture was diluted in minimal amount DCM. 
The mixture was added dropwise into cold MeOH (50 ml) and the precipitated polymer 
was collected. The precipitation was repeated for a total of 3 times until complete removal 
of the catalyst and unreacted monomer. The resultant material was dried under vacuum to 













Scheme 4.1. Representative procedure for copolymerization of oxiranyl monomers with 


























Table 4.1. Terpolymerization of GB/PO/CO2 catalyzed by (S,S)-[SalcyCoIIIDNP]DNP. 
The reaction was performed in neat epoxide (10 mmol) in a 15ml autoclave under 2.7MPa 
CO2 pressure at 40 °C with 2000:1 catalyst loading. [a] Molar ratio [b] Molar ratio 
[c]Turnover frequency (TOF) = mole of product (polycarbonates)/mol of cat per hour. 
Reactions were stopped at ~60% conversion. [d] Percent of polymer formed vs. cyclic 
carbonate as determined by 1H NMR [e] Determined by DSC analysis [f] Determined by 




























Table 4.2. Fineman-Ross Table of PPGBC at Low Conversions. X= [Mol % GB in 
monomer feed] /[Mol % PO in monomer feed] , Y= [Mol % Gb in polymer composition] 


























Figure 4.1. A. Microstructure of commercial adhesives with pendant ester functionality.  
B. Synthetic pathway of carbonate terpolymer. C. Chemical structure of chiral salen 
catalyst, (S,S)-[SalcyCoIIIDNP]DNP. [DNP] = Dinitrophenoxide D. Final products of 

















Figure 4.2. GPC trace of poly(propylene-co-glycidyl butyrate carbonate). All polymers 


















Figure 4.3.  MALDI-TOF spectrum of PPGBC-(56).  Signals were assigned structures as 
such, (A): [183.1 (2,4-dinitrophenolate)] + [ 58.1 (PO)] + [102.11 × n (CO2-alt-PO)] + 
[188.18 × n (CO2-alt-GB)] + 17.01 (Hydroxyl) +23.0 (Na+)]. 
(B): [17.01 (hydroxyl)] + [ 58.1 (PO)] + [102.11 × n (CO2-alt-PO)] + [188.18 × n (CO2-
alt-GB)] + [17.01 (Hydroxyl)] + [23.0 (Na+)].  
(C): [183.1 (2,4-dinitrophenolate)] + [ 144.17 (GB)] + [102.11 × n (CO2-alt-PO)] + [188.18 
× n (CO2-alt-GB)] + [17.01 (Hydroxyl)] +[23.0 (Na+)].  
(D): [17.01 (hydroxyl)] + [58.1 (PO)] + [102.11 × n (CO2-alt-PO)] + [188.18 × n (CO2-alt-




















































Figure 4.5. A.  Fineman-Ross plot of PPGBC formulations. f = monomeric molar ratio F 

























Figure 4.6. Peel testing (180o) at room temperature (22oC) of viscous poly(propylene-co-
glycidyl butyrate carbonate)s and commercial adhesives. * Statistically significant 























Figure 4.7. Probe tack testing and tabulated tack energy of PPGBC polymers on 8 mm 
parallel plate DHR-2 Rheometer at 25oC, 50 m gap size, five second soak time, and 100 























Figure 4.8. Tack Energy of PPGBC-56 and PPGBC-33 at 3 different temperatures using a 

























Figure 4.9. Probe tack testing of PPGBC-56 on a DHR-2 Rheometer with 8 mm parallel 
plate geometry on different surfaces with 50 N applied axial force, five second soak time, 






















Figure 4.10. Probe tack testing of PPGBC-56 on an 8 mm parallel plate geometry DHR-2 
Rheometer at 25, 37, 50, and 100 oC with 50 m gap size, five second soak time, and 100 















































Figure 4.12. Probe tack testing of PPGBC-(56) on DHR-2 Rheometer at 20 oC and 37 oC 
with varied applied axial force, five second soak time, and 100 m/s pull-off rate.¶ Denotes 

























Figure 4.13. Glass cube coated with PPGBC-56 in DI water with a metal rod placed on 
top. At 21 oC, the adhesive was not able to bond to the rod, at 37 oC, there was sufficient 
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Figure 4.14. A. Cytotoxicity to NIH 3T3 fibroblasts of PPGBC at various concentrations. 
Any toxicity observed is independent of dose, suggesting limited PPGBC cytotoxicity. B. 
Immunogenicity of PPGBC to RAW 264.7 macrophages at various concentrations. IL-6 is 
not upregulated at any concentration of polymer and shows no in vitro immunogenicity. 
















































































Figure 4.17. Instron 180o Peel Trace at room temperature (22oC) of viscous 





















Figure 4.18. Storage (G’) and loss (G”) modulus for PPGBC polymers at high frequency 






















































































































































Chapter 5. Summary and Future Directions 
 
The use of renewable and abundant carbon dioxide as a building block for industrial 
polymer production leads to safer designs in manufacturing of materials, decreases the 
dependence of fossil fuel feedstocks, and diminishes plastic waste generation due to 
engineered biodegradability. The utilization of organometallic complexes as catalysts for 
the copolymerization of CO2 and epoxides to produce polycarbonates was a critical 
discovery towards “Green” synthetic processes.  Through judicious catalyst design, the 
past 50 years yielded remarkable catalytic improvements with increased reaction rates, 
increased polymer molecular weights, and the ability to polymerize a large array of 
monomers. However, the race toward the synthesis of novel polycarbonate architectures 
utilizing this system bloomed in the early 21st century and is still in its infancy.  
 
5.1 Adhesive Formulations with Post-Polymerization Modifications  
In my thesis, I disclosed the synthesis of polycarbonate mimetics of commercial 
polyacrylates, compounds comprised in the paint, adhesive, automotive, and 
pharmaceutical industries. The carbonate moiety in the backbone allows for a degradable 
and environmentally friendly polymer to replace acrylates in commodity materials, 
especially for single-use plastics such as labels and packaging. Additionally, through 
incorporation of two or more monomers, the thermal and adhesive properties of these 
polymers are tailored for specific end-uses. Given their biodegradable and benign 
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byproducts form chain scission, these materials hold great potential for medical use as 
alternatives to sutures and current state of the art bone cement. Modification of the 
monomer species such as insertion of an alkene functionality for post polymerization 
strengthening of the storage modulus through thiolene coupling may be of use in 
biocompatible formulations for bone cements. Additionally, incorporation of a pendant 
hydroxyl may lead to better adhesion in wet conditions, mimicking the wet adhesive 
properties of poly(vinyl alcohol).   
 
5.2 Bio-Derived Saccharides as Oxiranyl Monomers 
The majority of CO2/epoxide polycarbonates comprise of an aliphatic backbone 
leading to weak thermal properties. The use of alicyclic monomers in the backbone chain 
produces more robust materials with higher glass transition temperatures. However, 
copolymerization of cyclic oxiranes with CO2 generally suffer from steric incomparability 
between the bulky monomer and catalyst, leading to only a handful of catalysts 
successfully able to polymerize select monomers. Additionally, there is increased 
complexity in acquiring bio-derived sources of cyclic monomers that are amenable to 
epoxidation. To date, the only bio-derived cyclic oxirane successfully polymerized is 
limonene oxide.    
Saccharides are naturally occurring and highly abundant cyclic small molecules, 
polymerized by nature into diverse compounds such as starch, cellulose, chitin, and 
alginate. Synthetic polysaccharides with a carbonate backbone are ideal materials as not 
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only do they degrade into benign natural metabolites, but their chemical, physical, and 
mechanical properties will be different from the non-cyclic aliphatic polymers studied to 
date.  
The first alicyclic saccharide based polycarbonates we reported in 2013 by Wooley 
et al. via the condensation of the 4,6 glucose hydroxyl moieties and bis(pentafluorophenyl) 
carbonate producing a bicyclic carbonate monomer.110 Subsequent ring opening of the 
carbonate with 4-methylbenzyl alcohol and an organocatalyst afforded the polycarbonate. 
This method, while successful in producing polysaccharides with moderate degrees of 
polymerization, still utilizes a carbonate source that is not only petroleum derived but also 
moderately expensive. In 2017, Hadjichristidis and Gnanou, reported the synthesis of the 
same bicyclic sugar and its subsequent polycarbonate.111 However, they were able to form 
the cyclic carbonate monomer by utilizing CO2 as the C1 source. 
To the best of our knowledge, no glucose based polycarbonate has been synthesized 
utilizing the copolymerization of CO2 and an epoxide monomer. Preliminary results from 
our lab indicate the successful formation of poly(propylene-co-Tri-O-benzyl-D-glucose 
carbonate) via the terpolymerization of propylene oxide, CO2 and oxiranyl Tri-O-benzyl-
D-glucal catalyzed by (R,R)-[SalcyCoIIIDNP]DNP. Reactions of benzyl protected oxiranyl 
sugar dissolved in toluene yielded no polymer with all variations of salen catalyst 
architectures. Coates et al. also observed no formation of polycarbonate or small formation 
of polyethers with the utilization of any of their catalysts (zinc -diiminate species). This 
discrepancy between reactivity is most likely due to the large steric bulk of the sugar, 
hindering propagation.   
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A bicyclic dehydrated derivative of D-Sorbitol, isosorbide, is currently of great 
scientific interest.  With an LD50 of 26 g kg-1 in rats, this non-toxic compound is a lead 
building block towards many synthetic materials such as polycarbonates, polyesters, 
polyurethanes, and epoxides. Currently, it is being investigated as an alternative to the use 
of bisphenol-A, the controversial estrogen receptor agonist. This small molecule can boast 
high availability from renewable raw materials as well as high amenability to 
functionalization. The two secondary hydroxyl moieties, possessing markedly different 
reactivates due to stereochemistry constrains, allow for directed and versatile chemical 
alterations.  
With its many advantages, we hypothesize the copolymerization of isosorbide 
diglycidyl ether with CO2 catalyzed by a cobalt complex will yield a highly crosslinked 
and rigid polymer. Due to the cyclic rings of isosorbide, this material may possess a strong 
thermal profile allowing for it to act as a suitable substitute for every day day commodity 
plastics. Terpolymerizing with PO may also lead to polymer with amendable desired 
plasticity while still maintaining good biocompatibility.  Over all, the formation of a robust 
polycarbonate derived 100% from biomass through the copolymerization of an isosorbide 
derivative and CO2 allows for a complete green synthetic route towards sustainable 
plastics.   
Polycarbonates, as mass produced commodity materials, contain certain 
environmentally friendly advantages. With a degradable moiety built into the polymer 
backbone, these materials possess a limited lifecycle, limiting plastic pollution. The 
utilization of carbon dioxide as the main carbon source for the formation of these materials 
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through organometallic catalysis not only benefits from the utilization of a non-toxic, 
abundant, and inexpensive raw material, but in tandem serves as a means of carbon capture, 
addressing the rising concern of global climate change. With the varied opportunities, 
polycarbonate materials utilizing this synthetic pathway will be of great interest for future 
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